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iABSTRACT
This thesis explores the use of cotton derived cellulose nanowhiskers (CNWs) in 
composite materials in the form of nanocomposite films, surface modified 
polymer fibres and also in self-reinforced (SR) composites.
Cellulose nanowhiskers (CNWs) were produced from cotton via sulphuric acid 
hydrolysis process and blended with polylactic acid (PLA) to produce CNW-PLA 
and was added to hydroxyethyl cellulose (HEC) to manufacture CNW-HEC 
nanocomposite films. The aggregated morphology and hydrophilicity of CNWs, 
hydrophobicity of PLA and the solvent used (Chloroform) played a major role in 
creation of voids within the CNW-PLA nanocomposites. In addition, the 
aggregated morphology of the CNWs also influenced the surface roughness and 
light transparency properties of the CNW-HEC films. Improvement in the 
mechanical, thermal and thermomechanical properties for both types of 
nanocomposites was achieved due to the reinforcing effect of the rod-like 
nanowhiskers. An increase in the crystallinity of the nanocomposites indicated 
that the CNWs induced crystallisation in the matrices. Incorporation of CNWs also 
had a significant influence on accelerating the degradation profile of the CNW-PLA 
nanocomposites and reducing the swelling capacity and initial swelling rate for the 
CNW-HEC films. 
PLA fibres were also produced with varying diameters (11 µm to 38 µm) via a melt 
drawing process employing increasing take-up velocities. A higher degree of chain 
orientation as well as an increase in crystallinity for the thinner fibres was 
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achieved due to strain-induced crystallisation. The variation in PLA fibre diameter 
also revealed a noticeable influence in their mechanical and moisture absorption 
properties at various humidity levels. Further, the hydrophobic and smooth 
surface of the PLA fibres was coated with various blends of CNWs (65 to 95 wt%) 
and polyvinyl acetate (PVAc) to impart roughness, where PVAc acted as a binder. 
An increase in tensile modulus and moisture absorption properties were achieved 
for the CNW/PVAc coated PLA fibres. These surface modified PLA fibres were 
aligned to produce unidirectional (UD) fibre mats prior to hot compaction (at 
95oC) to manufacture SR PLA composites. Incorporation of CNW/PVAc within the 
SR PLA composites revealed an increase in their flexural and ductile properties 
compared to the control composite. 
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1CHAPTER 1.                                                                                 
INTRODUCTION
The demand for sustainable materials is growing significantly as sustainability has 
the potential to drive new growth for environmentally friendly products. As such, 
there has been huge interest in the use of natural fibres for use in fields as varied 
as automobile, construction, electronics, textile, packaging and biomedical 
including many others. The International Year of Natural Fibres was declared in 
2009 and was intended to raise awareness of, and promote demand for, 
sustainably produced natural fibres.  For thousands of years, people all over the 
world have used fibres from plants and animals to make cloth, string and paper, 
and strengthen building materials. 
Global production of natural fibres amounts to around 32 million tonnes annually; 
amongst these, 24.6 million tonnes of cotton are produced which encompasses 
around 76% of the total market share (FAOSTAT, 2009) [1]. Plant based other 
natural fibres (jute, sisal, hemp, flax, ramie, etc.) make up around 20%, and wool 
approximately 4% (see Figure 1.1). China, India and United States are the major 
producers of cotton, where China dominates with production of ca. 32% of the 
global production followed by India (22%) and USA (12%). On the other hand, 
approximately 2.8 million tonnes of jute are produced each year, with India 
producing 60% of the world’s jute and Bangladesh being the other major 
producer. Other fibres are produced in lower quantities such as flax (~1 million 
tonnes), hemp (~0.09 million tonnes), and sisal (~0.33 million tonnes). The recent 
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environmental awareness issues, together with the rising costs of oil are creating 
an increasing market for natural fibres which are finding their way into varying 
commercial applications in composite materials.
Figure 1.1: Worldwide production of natural fibres, in million tonnes [1].
1.1 COMPOSITES 
Composites consists of two or more distinct materials or phases, which are mixed 
in a controlled way to achieve enhanced material properties [2]. Generally, one or 
more discontinuous phases (stiffer and stronger) embedded within the continuous 
phase (comparatively softer) to form composites. The discontinuous phase usually 
termed as reinforcing agents, while the continuous phase is called the matrix. 
Composites can be categorised on the basis of reinforcement, such as, fibre, flake, 
particle, laminar and filled composites. Composites have also been classified as 
Chapter 1 – Introduction 
3
Metal Matrix Composites, Ceramic Matrix Composites and Polymer Matrix 
Composites.
Many materials in nature are found as composites, for example, wood is 
composed of fibrous chains of cellulose molecules in matrix of lignin [3]. In 
applications with polymer matrix materials, the discontinuous phase often 
consists of fibres of high strength and modulus, which can be used in different 
shapes such as, short fibres, long or continuous fibres, and three dimensional fibre 
structures. Figure 1.2 represents the classification of composites based on fibre 
shape and orientation within the matrix.
Figure 1.2: Classification of composite materials based on the fibre shape and 
orientation within the matrix  [4].
1.2 FIBRE-REINFORCED COMPOSITES
Fibre reinforcement of polymeric matrices has been widely used to improve 
mechanical as well as thermomechanical properties of polymers due to their 
excellent load transfer capacity and the light-weight structures that can be 
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formed. The mechanical properties of the reinforcing fibres, which can be natural 
or synthetic, can have a significant influence on the overall properties of the 
composites produced. Table 1.1 highlights the density and mechanical properties 
for fibres used as reinforcement.
Table 1.1: Mechanical properties of some natural and synthetic reinforcing fibres 
[5-8].
Fibres
Density
(g cm-3)
Tensile 
Strength
(MPa)
Tensile 
Modulus
(GPa)
Elongation
(%)
Cotton 1.21 287-597 5.5-12.6 2.0-10
Jute 1.3 393-773 10-30 1.5-1.8
Flax 1.5 780-1,500 60-80 1.2-2.4
Hemp 1.35 580-1,110 30-70 1.6-4.5
Kenaf 1.2 295-930 53 2.7-6.9
Ramie 1.44 400-938 61.4-128 2.0-4.0
Sisal 1.5 511-635 9.4-22 2.0-2.5
Coir 1.2 593 4.6-6 15-25
E-glass 2.5 2,000-3,500 70-72 0.5
Carbon 1.4 4,000 230-240 1.4-1.8
Strong reinforcement is achieved through chemical and/or mechanical coupling 
between the fibres/fillers and matrix so that the load is shared between the fibres 
and the matrix  [3, 9]. Natural reinforcements such as cellulose and starch have a 
strong tendency for self-association because of their strongly interacting surface 
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hydroxyl groups [10]. This poses problems during processing to attain 
individualisation, but can also aid in the formation of stabilising percolated 
networks. The properties of composites prepared by fibre reinforcing polymers 
are largely dependent on the fibre architecture, such as fibre mechanical 
properties, volume fraction and alignment of fibres within the matrix. The 
compounding processes are also an important factor controlling the properties of
composite materials as they affect fibre orientation, individualisation in the case 
of short fibres. The orientation and distribution of short fibres in the matrix are 
more difficult to control, to measure and to characterise, while long fibres offer 
better control of the distribution of fibres into the matrix, resulting in improved 
composite properties. Despite this, industrial and large–scale production of 
composite materials have mainly focused on short fibre reinforced matrices using 
injection moulding and extrusion processes.  These methods can easily be turned 
into continuous processing while long fibre composite manufacturing with natural 
fibres generally requires significant manual labour and longer batch processing 
times. The cost of manual labour and longer processing times is inhibitive for low 
cost applications where natural fibre reinforced composites are currently 
targeted. However, compression and injection moulding processes are still not 
properly optimised and variability in composite properties can easily occur. 
Short natural fibres have attracted much attention as reinforcement in polymers 
in order to produce biodegradable composites [11-13]. Natural fibres, isolated 
from plants, animals and also some minerals sources, have been used aligned or 
randomly distributed in polymer matrices either in the same plane or in three 
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dimensions [14] (Figure 1.3). Aligned reinforcing fibres show strong reinforcement 
in the longitudinal direction of the fibre but low reinforcement capability in the 
transverse direction. Random three dimensional fibre orientation results in equal 
reinforcement in all directions. The mode of their reinforcement has also been 
studied extensively through experimental and theoretical studies [15, 16].
Figure 1.3: Patterns of fibre reinforcement in polymer: (a) aligned fibre, 
(b) random-in-plane, and (c) random in three dimensions [14].
1.2.1 Micro and nano reinforcement
Micro- and nanofibres derived from various natural sources have been paid much 
attention for composite production due to their high mechanical properties and 
high reinforcement capability at low loadings [17]. Polymers have been reinforced 
with macroscopic as well as micro- and nanofibres. Microfibres have diameters in 
the micrometre range while nanofibres have at least one dimension on the 
nanometre scale. Improved mechanical properties stem from the reduction of 
defects with reduction in size, while the improved reinforcement capability arises 
from a higher surface to volume ratio and smaller distance between reinforcing 
fibres with decreasing fibre size for the same fibre loading.  The fibre diameter has 
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also been reported to have a great influential effect on the mechanical properties 
of the fibre itself (see Figure 1.4) [18].
Figure 1.4: Dependence of modulus on fibre diameter: a) elastic modulus versus 
diameter of polypyrrole nanofibre, and b) relative shear modulus versus diameter 
of electrospun polystyrene fibre [18].
An added advantage of nanoscale reinforcement is that they tend to be more 
transparent than micro- and macro-reinforced composites as they are smaller 
than the wavelength of visible light. 
However, when comparing nanowhiskers and microfibrillated cellulose (MFC) 
(Figure 1.5) derived from sisal in a polycaprolactone (PCL) matrix and using 
octadecyl isocyanate (C18HNCO) as a fibre grafting agent to improve 
compatibilisation, MFC showed a significantly higher reinforcing capability (60% vs 
15% increase in tensile modulus for the same amount of reinforcing fibres) [19]. 
The MFC allowed better inter-fibre entanglement when compared to the 
nanoscale reinforcements, resulting in better reinforcing performance. This clearly 
shows that fibre properties and interfacial compatibility alone are insufficient to 
predict composite performance.
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Figure 1.5: a) TEM image of cellulose nanowhiskers from sisal, and b) SEM image of 
cellulose microfibre [19].
A vast amount of work has been done on natural fibre-reinforced composites, and 
some of the representative literature will be detailed in the following chapter 
(Chapter 2), which will aim to describe the potential for the use of natural and 
biopolymer fibres in composite materials.
1.3 AIMS AND OBJECTIVES
The main aim of this work was to manufacture cellulose nanowhiskers (CNWs) 
derived from cotton to incorporate them within polymer films, to use them as 
coatings for polymer fibre surface modification and in self-reinforced composites. 
The objectives of the research conducted were:
1. To investigate the dispersion of cellulose nanowhiskers (CNWs) in solvent cast 
polylactic acid (PLA) nanocomposite films and to ascertain their effect on the 
mechanical, thermomechanical and water uptake properties.
2. To optimise the production of cellulose nanowhisker flexible thin composite 
films.
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3. To investigate the mechanical, thermal, thermomechanical, crystallisation, 
chain orientation and moisture absorption properties of gravitationally 
induced melt drawn PLA fibres with varying diameters.
4. To modify the surface morphology of melt drawn PLA fibres coated with 
cellulose nanowhiskers and to investigate their mechanical and moisture 
absorption properties at different humidity conditions. 
5. To develop a methodology for the production of cellulose nanowhisker 
(CNWs) incorporated self-reinforced PLA composite plates and to investigate 
the influence of the CNWs on their flexural and ductile properties.
1.4 STRUCTURE OF THIS THESIS 
The thesis is sub-divided as follows:
Chapter 1: Introduction and background into fibre reinforcement in composite 
materials followed by the aims and objectives of this project.
Chapter 2: Properties of cellulose and biopolymer fibres and their role in 
composite materials including a brief literature review highlighting 
their use in packaging, electronics, construction and biomedical 
applications. 
Chapter 3: The production of cellulose nanowhiskers (CNWs) from cotton and 
formulation of CNW reinforced polylactic acid (PLA) nanocomposite 
films. The dispersion of CNWs within the PLA matrix is also 
investigated to ascertain their effect on the mechanical, thermal, 
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thermomechanical, crystallisation and degradation properties of the 
nanocomposite films. 
Chapter 4: Production of high CNW content flexible thin nanocomposite films 
using hydroxyethyl cellulose (HEC) matrix. The surface morphology, 
optical, mechanical, thermal, thermomechanical and swelling 
properties of these thin films are also characterised. 
Chapter 5: Investigation of the thermal, crystallisation, chain orientation, and 
moisture absorption properties of melt drawn PLA fibres with 
diameters ranging from 11 to 38 microns. The mechanical properties 
of PLA fibres at room temperature, body temperature (37oC) and at 
varying humidity (0%, 35%, 75% and 98% RH) are also highlighted. 
Chapter 6: Modification of the PLA fibre surface via attachment of CNWs to 
improve the surface roughness and hydrophilic properties of the PLA 
fibres. The tensile properties of the CNW coated PLA fibres are also 
presented. 
Chapter 7: The use of the CNW coated PLA fibre mats for the manufacture of 
self-reinforced PLA (SR PLA) composites. The effect of CNWs on the 
flexural properties and ductile characteristics of SR-PLA composites 
are evaluated.
Chapter 8: Summary of the previous chapters and recommendations for future 
work to further explore the use of CNW-based composites.
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CHAPTER 2.                                                                                                 
LITERATURE REVIEW
2.1 BIO-BASED POLYMERS
Bio-based polymers, derived from renewable sources are widely used in various 
applications such as automotive, packaging, construction and biomedical sectors. 
Bio-based polymers can be reinforced with natural and synthetic materials to alter 
their properties and achieve wide ranging mechanical, physical and thermal 
conductivity properties. Due to their excellent dimensional stability bio-based 
polymer reinforced composites can easily be fabricated into plates, films, textiles, 
rods, fibres and gels [20, 21]. Biodegradability and biocompatibility, these two 
important properties of polymer must be considered when they are aimed for 
biomedical applications. Biodegradable polymers are able to breakdown gradually 
over time to lose their initial integrity in a physiological environment into 
biocompatible (not toxic and injurious to biological systems) degradation products 
[22]. These biodegradable polymers can be further split into natural and/or 
synthetic polymers. Natural polymers, including cellulose [23-25], chitosan [26, 
27], alginate [28, 29], collagen [30-32], silk [33, 34], agarose [35] and fibrin [36]
and synthetic polymers such as polycaprolactone (PCL), polyglycolic acid (PGA), 
polylactic acid (PLA) and polylactic-co-glycolic acid (PLGA), polyhydroxybutyrate 
(PHB) and polypropylene fumerate (PPF) have been considered for applications 
within food packaging [37], wound healing, soft tissue regeneration and as bone 
fixation devices [38, 39]. 
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2.1.1 Polysaccharides
Polysaccharides such as cellulose, chitin, and alginate are one of the most 
abundant naturally occurring biomacromolecular carbohydrate materials, which 
encompass glycosidically linked saccharide units as well as covalently linked 
proteins, lipids, peptides and amino acids [40]. Cellulose is the most abundant 
renewable biomass in nature and is composed of long chain β-glycoside units in a 
linear orientation [41].
Figure 2.1: Represents the chemical structures for the most common types of 
polysaccharides: a) cellulose, b) chitin, and c) sodium alginate.
Chitin is widely distributed in marine invertebrates found in the exoskeleton of 
insects and arthropods such as crustaceans. It has been used as wound-dressing 
materials, drug carrier excipients and mucoadhesivity purposes [32, 42]. It has also 
been used as a raw material for chitosan production, which is widely employed in 
biomedical applications, such as tissue regeneration, bone filling materials and 
wound treatment [40] due to its gel forming, self-hardening, bioadhesive, 
bacteriostatic and fungistatic properties.
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Alginates, derived from brown algae or soil bacteria are anionic polysaccharides 
consisting of (1-4)-linkages with alternating β-D-mannuronic acid and α-L-
guluronic acid residues [43] and have been investigated as biomaterials for the 
treatment of esophageal reflux, dermatology, wound healing and dental 
impression materials [40, 44]. Alginates are usually regarded as non-toxic, 
biocompatible and biodegradable gel forming materials and have been widely 
used as pharmaceutical excipients (such as tablet binders, disintegrants and 
sustained release materials).
2.1.1.1 Cellulose
Cellulose is mainly obtained from wood, plants (cotton, ramie, flax, jute, sisal, 
wheat straw, etc.), animals (tunicate), algae, fungi and even in bacteria [45]. 
Cellulose is composed of linear chain of ringed glucose units, where the repeat 
unit is joined by two glucose rings through an oxygen covalently bonded to C1 of 
the glucose ring and C4 of the adjoining ring (β-1,4-glycosidic bond) [45]. The 
linear configuration of cellulose chain structure is maintained by the intra-chain 
hydrogen bonding between hydroxyl groups and oxygen of the adjoining ring (see 
Figure 2.2a). The inter-chain hydrogen bonds between the adjacent glucose rings 
promote parallel stacking of multiple cellulose chains forming elementary fibrils 
that further aggregate into larger micro fibrils. The intra- and inter-chain hydrogen 
bonds give the cellulose fibrils high axial stiffness that makes them suitable as 
reinforcing agent in composite materials. These cellulose ﬁbrils are composed of 
highly ordered (crystalline) and disordered (amorphous) cellulose chains, as 
presented (see Figure 2.2b) [45].
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Figure 2.2: a) Represents the repeat unit of the cellulose structure, b) crystalline and 
amorphous regions within cellulose microfibril, and c) cellulose 
nanocrystals after the acid hydrolysis process [45].
The cell-wall morphology of cotton fibre is presented in Figure 2.3, where the cell-
wall architecture of cellulose fibres composed of micro- and macro-fibrils units 
[46]. The density and texture of these fibres depends on the different layers of the 
fibrils and their position. The outer layer, called the primary wall (P) consists of 
fibrils measuring approximately 10 nm which are positioned crosswise in a layer of 
around 50 nm thickness. The secondary wall (S) has two layers: the winding layer 
(S1, thickness around 100 nm), where the fibrils are densely packed and the main 
body of the secondary wall (S2, thickness several µm) contains most of the 
cellulose mass. Lumen (L, inner layer) consists of fibrils aligned in a flat helix [46].
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Figure 2.3: Morphological architecture of cotton fibre: L-lumen, C-cuticle (pectins 
and waxes), P-primary cell-wall, S1-secondary wall (winding layer), S2-secondary 
wall (main body) and R-reversal of the fibril spiral [46].
The commercial sources of cellulose are mainly from the cotton linters (shorter 
fibres, which are obtained after removing the long fibres from cotton seeds), jute 
and wood pulp. Cotton linters contain around 90-95% cellulose, whereas, in jute it 
is approximately 45-63% and in wood pulp about 40-45% [8]. Therefore, cellulose 
extracted from cotton linters with high purity required minimum treatment 
(NaOH treatment) to remove hemicellulose, lignin and wax materials. On the 
other hand, other fibres like jute, wood pulp, hemp and ramie require extensive 
processing to dissolve the non-cellulosic components.
2.1.1.1.1 Cellulose nanowhiskers
Cellulose nanowhiskers (also known as nanocrystals) are the highly crystalline 
portion of the cellulose components, which are the elongated crystalline rod-like 
nanoparticle and can be produced by acid hydrolysis, and enzymatic hydrolysis 
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processes. On the other hand, flexible cellulose nanofibrils and/or microfibrils 
consist of alternating crystalline and amorphous portions of cellulose particles. 
Revol et al. [47] first reported the production of cellulose nanowhiskers via the
acid hydrolysis process. During acid hydrolysis the amorphous portions of the 
cellulose chain are dissolved leaving the crystalline parts unaffected as whiskers 
form on the nanoscale dimension, usually the length ranges from 100 to 300 nm 
depending on the source of cellulose [48]. The morphology of acid hydrolysed 
cellulose nanowhiskers obtained from different sources is presented in Figure 2.4.
Figure 2.4: Transmission electron microscope (TEM) images of cellulose 
nanowhiskers, obtained from acid hydrolysis of (a) cotton [49], (b) sisal [50], (c)
tunicate [51], and (d) microcrystalline cellulose [52].
In one study, the elastic modulus of crystalline cellulose along the chain axis was 
calculated to be around 167 GPa for native cellulose [53]. However, the Young’s 
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modulus was seen to be significantly affected by the intra-molecular hydrogen 
bonding along their chain axis, resulting in the reduction of the tensile properties. 
The elastic modulus (in the axial direction) of the cotton based nanowhiskers was 
reported to be 57 GPa (for a 2D network) and 105 GPa (for a 3D network) in the 
literature [54].
2.1.2 Polylactic acid (PLA)
Polylactic acid (PLA) is one of the most popular bio-based polymers investigated 
and has many potential applications in the medical, textile, food and packaging 
industries [55-58]. The monomer lactic acid is obtained through fermentation of 
glucose with conversion reaching 90% [59] and PLA is usually produced by ring 
opening, polycondensation or chain extension polymerisation of lactide [60]. 
Though the large-scale use of PLA based packaging materials is still stayed behind 
the synthetic plastics, recently this PLA is using extensively in reinforcing 
composites to expand their applications [61-64].
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Figure 2.5: a) Ring opening polymerisation of polylactic acid (PLA), and 
b) chemical structure of L-Lactide and D-Lactide isomers [60].
PLA is one of the most common bioresorbable polymers (polymers that break 
down by the physiological environment and the degraded materials are 
biocompatible that absorbed in the body once the purpose has been served) 
investigated widely for internal bone fixation implants due to its degradation 
rates, good mechanical properties and availability in different lactide content (i.e. 
L/D ratio). Lactic acid (2-hydroxy propionic acid) monomer exists in two optically 
active configurations; levo-(L-)lactide and dextro-(D-)lactide [58, 65]. Therefore, it 
is also possible to produce PLLA (100 % L-Lactide) and PDLLA as a copolymer with 
different L- to D-lactide ratios. The mechanical properties, crystallinity, resorption 
time and molecular weight of PDLLA depend on the L/D ratio [66-68]. PLLA 
possesses high percentage of crystallinity, whereas the crystallinity for PDLLA 
depends on the D-lactide content, for example, the crystallinity for PDLLA can be 
higher when the D-lactide content is less than 2 % [60]. PLA degraded into lactic 
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acid via hydrolysis process which converts to pyruvic acid and then carbon dioxide 
and water through the tricarboxylic acid cycle (TCA) [68, 69]. 
2.1.3 Polycaprolactone (PCL)
Polycaprolactone (PCL) was synthesised by the Carothers group in the 1930s and 
can be prepared by either ring opening polymerisation of ε–caprolactone or via 
free radical ring-opening polymerisation of 2-methylene-1-3-dioxepane. It is a 
semi-crystalline polymer and its crystallinity decreases with increasing molecular 
weight.  PCL and its copolymers have been used for varying biomedical 
applications [70].
Figure 2.6: Chemical Structures of some common types of biopolymer:
a) polycaprolactone (PCL), b) polyglycolic acid (PGA), and c) polylactic-co-glycolic 
acid (PLGA).
2.1.4 Polyglycolic acid (PGA)
Polyglycolic acid (PGA) belongs to the aliphatic polyester group usually obtained 
from glycolic acid by means of ring-opening or poly condensation polymerisation. 
PGA has been regarded as a tough fibre-forming biodegradable and biocompatible 
polymer. However, unlike PLA, PGA is readily soluble in water. Thermoplastic PGA 
and its copolymers (polylactic-co-glycolic acid - PLGA) with lactic acid have been 
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widely used in the biomedical field for the synthesis of resorbable sutures, drug 
delivery devices and rods [71-73].
The mechanical, thermal and degradation properties of the most commonly used 
aliphatic polyesters [67] are presented in Table 2.1.
Table 2.1: Degradation rates, physical and mechanical properties of the most 
commonly used aliphatic polyesters [67].
Property PCL PGA PLLA PLA PLGA
Glass transition 
temperature
Tg (°C)
-60 - -65 35-45 55 - 65 50 - 60 40 – 50
Melting temperature
Tm (°C)
58 - 65 220 - 233 170 - 200 170 Am.
Elastic modulus 
(GPa) *
0.2 – 0.4 6 – 7 3 - 6 1 – 3.5 1 – 3
Flexural strength 
(MPa)
16 - 29 195 - 375 109 - 145 95 - 130 ~ 65
Tensile strength 
(MPa)
20 - 35 60 - 80 50 - 80 20 - 60 40 – 55
Degradation time  
(month) **
24 - 48 6 - 12 24 - 72 12 - 16 1 -12
Am. refers to amorphous, * Tensile or flexural modulus and ** represents the 
required time for complete degradation.
2.2 PLA FIBRE
Thermoplastic PLA can be produced into fibrous structures via melt spinning 
and/or electrospinning with distinct fibre properties [74-77]. For example, melt 
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spinning is employed to produce microfibres whilst the electrospinning process 
has been used for nanofibre to submicron fibre production. 
Properties of melt drawn PLA fibres produced using different processing 
conditions with varying L-lactide to D-lactide ratios have been reported in the 
literature [74, 78-83]. Kim et al. [83] produced melt spun PLA fibres with a 1 to 9 
mol% D-lactide content and investigated the mechanical, thermal and 
crystallisation properties of uniaxial elongated PLA monofilaments at varying draw 
ratios (DR), from 1 to 8, in the temperature range between 25oC to 65oC. They 
reported that the tensile strength and modulus of control PLA monofilaments (4.2 
mol% D-lactide content) decreased from 71 MPa to 18 MPa and 2.4 GPa to almost 
zero, respectively, with increasing temperature due to chain mobility of the 
polymer in the glass transition region. The glass transition (Tg) temperature of PLA 
fibre drawn at higher ratios (DR=8) was seen to shift to 68oC, which was 
approximately 12oC higher than the undrawn fibre, which suggested a higher 
degree of chain orientation due to strain induced crystallisation during the fibre 
drawing process. Chain orientation ascertained in terms of inverse dichroic ratio 
(measured using polarised Raman spectroscopy) within the PLA fibres was also 
reported to increase with an increase in the draw ratio of the spun fibres.
Okuzaki et al. [84] investigated melt spun PLLA fibres (processed at 185oC) with a 
394 µm diameter and reported that further drawing (DR=10.5) of the as-spun fibre 
at 90oC increased the crystallinity of the PLLA fibre by 30% when compared to 
undrawn fibres (crystallinity 7.4%). In addition, drawing the fibres (DR=10.5) 
increased the tensile strength from 16 MPa to 275 MPa, whilst the modulus 
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increased from 1.8 GPa to 9.1 GPa. They further suggested that the improved
properties were due to the increased orientation factor of the polymer chains 
within the fibre as a direct result of drawing at 90oC. PLLA fibres with diameters 
ranging from 11 to 14 µm obtained at 5000 m min-1 take up velocity and at 233oC 
[81] were shown to display a maximum crystallinity, tensile strength and modulus 
of 42%, 385 MPa and 6 GPa, respectively.
2.3 BIOPOLYMER FIBRE IN SELF-REINFORCED (SR) COMPOSITES
Self-reinforced composites (SRCs) have found widespread use for applications in 
the biomedical, construction and packaging industries [85, 86]. The concept of 
self-reinforced composites was first developed by Capiati and Porter [87] who 
demonstrated that the orientation of aligned chains within the same polymer 
significantly improved their initial mechanical and fracture failure properties. In 
this process, fibres derived from the same polymer were heated above the glass 
transition (Tg) temperature but below their melting temperature (Tm) and 
compressed to produce composite plates using high pressure where the ultimate 
mechanical properties of the composites formed depend on the molecular weight 
of the polymer and the fraction of aligned chains within the self-reinforced 
composites [88, 89]. The selection of temperature, pressure and time are very 
important in order to maintain optimum reinforcing effect of the fibres in SRC 
processing [90]. Various techniques, such as hot compaction, physical treatment, 
partial dissolution, cold drawing and chemical modification have been employed 
to manufacture SRCs [85]. Several studies have reported on successful production 
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of SRCs using a wide variety of polymer fibres, including polyethylene (PE) [91-94], 
polypropylene (PP) [95, 96], polyethylene terephthalate (PET) [97], polyamides 
[98, 99], polylactic acid (PLA) [88, 100, 101], polyglycolic acid (PGA) [102, 103] and 
polymethylmethacryalate (PMMA) [104, 105]. 
Fibres derived from biopolymers, such as polylactic acid (PLA), polyglycolic acid 
(PGA), their copolymer PLGA and polycaprolactone are the most widely 
investigated bioresorbable materials for use in medical applications [1, 2]. 
Biopolymer composites have also been manufactured as self-reinforced (SR) 
composites. The principal of self-reinforcement is consolidation of orientated 
fibres within the same matrix, where the aligned chain of that polymer acted as 
reinforcing agent to provide sufficient strong and stiff SR composites [85, 102, 
106]. 
Figure 2.7: A schematic diagram of self-reinforced composites consisting of matrix 
(m) and reinforcing fibre (f) derived from the same polymer [102].
SR composites can be produced employing different methods, such as fibre 
sintering, mechanical deformation/drawing process and die extrusion [88, 102, 
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107, 108]. However, to maintain the integrity of the fibrous structures of the 
polymer chains the processing temperatures must be maintained above the glass 
transition temperature (Tg) and below the melt temperature (Tm) for the polymer. 
In case of the polymers whose Tg were lower than room temperature, the cold 
drawing (at room temperature) method could be applied for SR composite 
processing. In addition, during the mechanical deformation process, fractions of 
crystalline spherulites could also convert into oriented chains [102, 109].
Commonly, fibres or a mixture of fibres and resin derived from the same polymer 
are sintered/hot compacted using mould cavities maintaining the temperature 
adjusted for the partial melting of the fibres [106]. In order to produce highly 
compacted materials, high pressure should also be applied during the SR 
composite processing. However, some types of SR composites could also be 
produced by rapid solidification of the molten polymer flowing through an 
extrusion die [108]. 
The advantages of SR composites over other composites include the ability to 
achieve excellent interfaces between the components, pure chemical 
functionality, light weight, low cost, high initial mechanical strength and ductile 
failure mode. The improvement in the mechanical properties of SR composites 
depends on the molecular weight of the polymer and processing conditions (such 
as, temperature, pressure, compression time) so that optimum portion of aligned 
chains could be obtained within the composite [88, 89]. Wright-Charlesworth et 
al. [100] investigated the flexural properties of SR PLLA composite produced via a 
hot compaction process at 95oC and reported that SR-PLLA had an initial flexural 
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strength of 139.2 MPa and flexural modulus of 5.4 GPa compared to non-
reinforced PLLA (strength~110.8 MPa and modulus~3.9 GPa) [100]. An example of 
mechanical properties for some SR PLA composites developed for biomedical 
applications are reported in Table 2.2.
Table 2.2: Mechanical properties for self-reinforced PLA biocomposites [67].
Composite
Sample 
Geometry
Flexural 
Modulus 
(GPa)
Flexural 
Strength 
(MPa)
References
Extruded SR-PDLLA* Rod 3.6 - 8.8 125 - 237 [110-113]
Sintered SR-PLA Rod - 270 [101]
Drawn SR-PLLA
(Draw ratio=12)
Plate 10 300 [107]
* L- content within copolymer was varied from 70 to 96 %.
For biomedical applications, fibres derived from biopolymers such as PLA, PGA, 
and their copolymer PLGA have been the most widely investigated for SRC 
processing [101-103]. Amongst them PLA is one of the most common 
bioresorbable polymers utilised for internal bone fixation implants due to its 
favourable degradation and mechanical properties and availability with different 
lactide contents (i.e. L/D ratio) [66, 67]. Waris et al. [114] investigated the SR-PLLA 
sheet for the treatment of bone defect in craniofacial surgery (see Figure 2.8) and 
reported the use of SR-PLLA would be favourable in growing skull. The mechanical 
properties of SR-PLLA also reported near to that of the cortical bone.
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Figure 2.8: a) 0.5 mm thick SR-PLLA sheet, and b) SR-PLLA sheet (arrow) used for 
the treatment of bone defect created between halves of frontal bone 
[114].
2.4 NATURAL FIBRES IN COMPOSITE MATERIALS
Natural fibres, manufactured from renewable sources are being widely used with 
biopolymers to produce biocomposite materials, which have already shown huge 
potential as an alternative to conventional reinforcement fibres (such as, carbon, 
glass, etc.) due to their low cost, availability, biodegradability, high strength and 
toughness [115]. More recently, micro and nano reinforcements using natural 
fibres in different polymers based on renewable resources have been investigated 
[116].
2.4.1 Cellulosic fibre composites
Cellulose is the most abundant polymer obtained from renewable natural sources 
(such as cotton, jute, flax, hemp, sisal, hardwoods, softwood, tunicates, bacteria, 
etc.) as a fibrous structure and has been investigated as reinforcement in polymer 
composites for numerous applications [6, 45, 117]. The composition of cellulose is 
Chapter 2 – Literature review
27
related to the natural source from which it was obtained like climate, maturity, 
fibre modification and processing (retting, scotching, bleaching, spinning). Several 
types of cellulosic fibres have also been investigated for reinforcement of 
polymers intended for use in several structural (roof systems, load bearing walls, 
and stairs) [118], constructional (furniture, windows, doors, and ceiling tiles) 
[119], electronics [120, 121], packaging [37], biomedical and tissue engineering 
applications [116, 122, 123]. Surface modifications of cellulose have also been 
widely explored due to its hydrophilicity and bonding between the polymer chains 
to improve their interfacial compatibility with polymers to enhance the material 
(mechanical, thermal and thermomechanical) properties of the composites. 
Figure 2.9: Roof panel prepared using biocomposite materials [118].
For composite materials, the interface between the matrix and the natural fibre is 
critical in stress transfer between the polymer and the fibre. Therefore, a large 
amount of work has investigated improving the fibre/matrix interface by 
modifying the fibre surface. These surface modifications include etherification, 
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esterification, siloxane and urethane formation, click-chemistry, and adsorption of 
lignin or carboxylic waxes [124-132]. Additionally, fibre/matrix mechanical 
interlocking can be improved by roughening the fibre surface through 
mercerisation (alkali-treatment). It also decreases fibre shrinkage and lowers the 
microfibrillar angle which results in improved fibre mechanical properties [133, 
134]. The fibres were usually treated before incorporation into the matrix to 
improve the compatibility with the polymer. The treatments investigated included 
impregnation [135] or encapsulation [136] with polymer, coating with latex [137], 
grafting  with silanes [135] , with isocyanates [136, 138, 139], with carboxylic acids 
[137] and with acid anhydrides [137, 138],  with grafting found to be more 
effective than coating. Among grafting agents, isocyanates [138] and linoleic acid 
[137] were found to perform the best. Composites reinforced with wood fibres 
presented quite comparable mechanical properties with glass fibres reinforced 
composites [135, 139].
The mechanical properties of flax fibres (modified with 5% maleic anhydride-
polypropylene (MAPP) copolymer) reinforced polypropylene (PP) composites was 
investigated by Arbelaiz et al. [140]. The SEM images of untreated, MAPP treated 
flax/PP and E-glass/PP composites are represented in Figures 2.10. The untreated 
flax/PP composites exhibited a gap between the fibre and matrix suggesting poor 
fibre/matrix interaction. Whereas, MAPP treated flax/PP composites revealed 
much improved fibre/matrix interface. The E-glass fibre/PP matrix also displayed 
poor interfacial adhesion due to the polar surface of the glass fibre. Composites 
containing approximately 30 wt% fibres were reported to have tensile strengths of 
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27 MPa and 37 MPa for untreated and MAPP treated flax/PP composites 
respectively compared to 32.4 MPa for PP alone. The tensile modulus for flax and 
MAPP treated flax/PP composites revealed values of 1.6 GPa and 2.1 GPa 
respectively, compared with 2.2 GPa for the E-glass fibre/PP composites with a 
similar fibre content.
Figure 2.10: SEM micrographs of fracture surface of composites: a) untreated 
flax/PP, b) MAPP modified flax/PP, and c) E-glass/PP composites [140].
A vast amount of biomass-derived cellulosic fibre reinforced composites have also 
been investigated [141]. These composites have bio-based polymer matrices such 
as plant oil triglyceride based resins [142-146], PLA [147-149],  soy-protein [133, 
150], polyhydroxy alkanoates (PHA) [151-153], and wheat gluten [154]. Compared 
to petroleum-based polymer matrices, bio-based polymers are not a magical 
solution for good composite properties. While it has been predicted that good 
adhesion could occur between natural fibres and more hydrophilic polymers 
which display groups capable of hydrogen bonding, this is not obvious from work 
using bio-based polymer such as PLA [63, 155, 156].  For example, Bax and Müssig 
[155] investigated flax-PLA composites and compared their properties to rayon 
fibre/PLA composites. Flax reinforced composites were comparable to their rayon 
reinforced counterparts for modulus and strength, however, performed poorly for 
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impact properties, similar to other work using flax and jute fibres. Despite 
relatively poor interaction between the matrix and the fibres, which usually is 
beneficial for impact, a decrease in impact strength was noticed upon fibre 
reinforcement.  In general, bio-based polymer composites encounter the same 
issues and control over the fibre/matrix interface and improvement of the 
inherent fibre properties remain important fields of research [124-132].
2.4.2 Nanocellulose in composite materials
Cellulose reinforcements have also arrived in the nano reinforcement area. 
Treatment of pure cellulose fibres by enzymatic, mechanical and/or concentrated 
acid results in a reduction of the cellulosic fibre length. There are two main 
methods in obtaining submicron/nanosized cellulose from macroscopic cellulose 
fibres. A method described first by Turbak et al. [157] uses mechanical 
disintegration as the main driver, resulting in long somewhat flexible nanofibrils. A 
second method relies on acid hydrolysis using inorganic acids first reported by 
Nickerson and Habrle [158], results in highly crystalline ribbon-like nanowhiskers. 
In 1995, Favier et al. [15] were the first ones to mention the use of cellulose 
whiskers as reinforcements in composites. Since then an enormous amount of 
work has appeared on nanocellulose-reinforced composites. 
Cellulose nanowhiskers have been used as reinforcements in polymer matrices 
such as poly(styrene-co-butyl acetate) [159], plasticised starch [160], pectin [161], 
epoxy resin [162], polyvinyl acetate) (PVAc) [163], polyethylene oxide (PEO) [164], 
PVA [165], and PLA [166]. Layer-by-layer assembly processes have also been used 
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to make layered composites for mechanical applications [167],  but which have 
also been explored in sensor development [168-170]. 
Garcia de Rodriguez et al. [50] investigated cellulose nanowhiskers (obtained from 
sisal) reinforced PVAc nanocomposite films and found that the high aspect ratio of 
the whiskers (length 250 nm and diameter 4 nm) ensured that a percolation 
network would improve the mechanical and thermal properties of nanocomposite 
at lower whisker loading. Furthermore, water uptake properties of PVAc/whisker 
nanocomposites were reported to increase with the addition of nanowhiskers into 
the matrix and water diffusion into films was found to be hindered by a 
percolated network of cellulose nanowhiskers above the percolation threshold. 
Biomimetic, stimuli responsive cotton based nanocomposites were produced by 
Shanmuganathan et al. [49], who introduced the percolated network of cellulose 
whiskers into a PVAc matrix. Addition of nanowhiskers isolated from tunicin within 
the PVAc matrix were reported to play an important role to increase their storage 
modulus (E’) from 2 GPa to 4 GPa for nanocomposites comprising 16.5% v/v 
whiskers. The tan delta curves were also seen to shift to the higher temperature 
regions by 5-7oC in case of nanocomposites when compared to neat PVAc (Figure 
2.11b). They also reported that immersion into artificial cerebrospinal fluid (ACSF) 
at 37oC the nanocomposites showed a noticeable decrease in storage modulus 
(from 4 GPa to 5 MPa for 16.5% whisker content) with around 28% swelling.
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Figure 2.11: (a) Tensile storage moduli (E′) of PVAc/cotton cellulose whisker (CCW) 
nanocomposite films as a function of temperature obtained by dynamic 
mechanical analysis (DMA)and (b) Tan delta curves (ratio of loss modulus and 
storage modulus) for the nanocomposite films [49].
Petersson et al. [52] investigated the structural and thermo-mechanical properties 
of composites made using solution cast PLA/cellulose whiskers (obtained from 
microcrystalline cellulose) materials using tert-butanol with reasonably good 
dispersion of the whiskers (5 wt%) within the polymer matrix. Enhanced thermal 
stability in the region between 25oC and 220oC and improved storage modulus at 
higher temperature (64% increased at 60oC) was also reported (see Figure 2.12). 
In addition the tan peak was seen to shift by 20oC compared to the control PLA.
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Figure 2.12: Storage modulus curves and tan delta peaks obtained from DMA 
analysis. Here CNW and B-CNW represent the untreated and tert-butanol treated 
CNW [52].
Water and oxygen permeability of nanocomposite films prepared using CNWs
(obtained from microcrystalline cellulose) and PLA was investigated by Sanchez-
Garcia and Lagaron [171]. The water permeability of nanocomposite containing 3 
wt% nanowhiskers were reported to decrease by 82% and the oxygen 
permeability by up to 90% compared to control PLA film. The mechanical
properties of microcrystalline cellulose based CNWs reinforced PLA 
nanocomposite films was investigated by Oksman et al. [172]; they reported 
improvement of tensile modulus and strength by 35% and 90% was achieved for 
CNWs reinforced PLA composites produced using an extrusion moulding process 
compared to the control PLA (tensile modulus~2.9 GPa and strength~40.9 MPa).
Jonoobi et al. [173] studied cellulose nanofibres (isolated from Kenaf pulp) 
reinforced PLA composites produced using melt extrusion process and found a 
significant increase in tensile strength from 58 MPa to 71 MPa with a slight 
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increase in tensile modulus from 2.9 GPa to 3.2 GPa for the nanocomposite 
containing 5 wt% cellulose nanofibres. 
Bio-based nanocomposites have also been produced using CNWs (obtained from 
cotton linter pulp) and chitosan [174]. It was reported that the nanocomposite 
films exhibited good miscibility as well as strong interactions between the CNWs 
and the matrix with increasing tensile strength from 85 MPa to 120 MPa for 20 
wt% CNWs loading within the films. In addition, CNW/chitosan based 
nanocomposite displayed excellent thermal stability and water resistance 
properties.
Zhou et al. [175] investigated rod-shaped cellulose nanocrystals obtained from 
microcrystalline cellulose to reinforce polyacrylamide hydrogels (Figure 2.13). 
They suggested that the cellulose nanocrystals acted not only as a reinforcing 
agent for hydrogel formation, but also as a multifunctional cross-linker for 
gelation and that they could be used for bone defect repairs and bone tissue 
engineering. 
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Figure 2.13: Represents the scheme of the gelation mechanism of polyacrylamide-
cellulose nanocrystals hydrogels [175].
Heath and Thielemans [176] successfully produced highly porous cellulose 
aerogels (porosity ranges from 95 to 91%) using cotton extracted cellulose 
nanowhisker with high specific surface areas (up to 605 m2 g-1) and also suggested 
that the density and porosity of the aerogel could be easily altered by varying the 
cellulose nanowhisker concentration.
Figure 2.14: Cellulose aerogel produced by self-assembly of cellulose nanowhiskers 
isolated from cotton [176].
Recently, applications of nanocellulose have been widely extended from paper 
and packaging sectors to construction, automotive, furniture, electronics, 
cosmetics, pharmaceuticals and biomedical fields. For example, cellulose 
derivatives such as cellophane, cellulose acetate (CA), cellulose acetate 
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propionate (CAP) and cellulose acetate butyrate (CAB) are being used to produce 
hybrid plasticised nanocomposites for food packaging applications (baked goods, 
fresh product, processed meat and cheese) [37]. In electronic sectors, 
nanocellulose diaphragms have been used in SONY headphones (see Figure 2.15)
[116]. The diaphragms were produced by dehydration and compression of 
nanocellulose into ultrathin film (20 microns thickness) which had a high sound 
velocity and low dynamic loss that were comparable with aluminium or titanium 
diaphragm.
Figure 2.15: Nanocellulose diaphragm used in SONY headphones [116].
Highly optically transparent and flexible nanocellulose films with high cellulose 
content were reported to have potential to be used in flexible display devices 
(Figure 2.16a) [177]. Shah and Brown [120] have shown the use of nanocellulose 
in flexible electronic display devices, which was fabricated by integrating an 
electronic dye into the nanostructure of cellulose (Figure 2.16 b &c).
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Figure 2.16: a) Flexible optically transparent nanocellulose sheet [177], 
b) nanocellulose paper, and c) nanocellulose paper used in bendable display device 
[120].
Cellulose nanocrystals have also been investigated as sustain released drug 
delivery excipients in the pharmaceuticals industries [116, 178]. Watanabe et al.
[178] investigated press-coated tablets coated with a blend of crystalline cellulose 
and polyethylene glycol (PEG) (ratio 8:2) and reported the timed-release 
characteristics of the coated tablets in the gastrointestinal tract of rabbits. Ni et al.
[179] evaluated the cytotoxicity of cotton based CNWs and suggested that CNW as 
a nanobiomaterial had potential applications in drug delivery devices and 
implants; results from their MTT assay and cell cytotoxicity showed that CNWs at
low concentrations (0.2 wt%) had low toxicity to L929 cells. In addition, cotton 
extracted cellulose nanofibres were studied with a sophisticated 3D human lung 
cell by Clift et al. [180] and they suggested that the cellulose nanofibres elicited a 
significantly lower cytotoxicity and inflammatory response than multi-walled 
carbon nanotubes and asbestos fibres.
Mahmoud et al. [181] suggested the surface charge of cellulose nanocrystals
(CNCs) (isolated from flax) played an important role in cellular uptake and 
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cytotoxicity properties with human embryonic kidney 293 (HEK 293) cells. CNCs 
were positively charged with Rhodamine-B isothiocyanate (RBITC) and were 
observed to be well conjugated with HEK 293 cells with no noticeable cytotoxic 
effect. 
Recently highly crystalline CNWs have been investigated as novel biomaterials in 
pharmaceutical and biomedical applications such as, surface coatings, 
regenerative medicine and drug delivery devices. The high surface area, abundant 
surface hydroxyl groups and the negative charge of the nanocellulose has enabled 
them to provide a wide range of chemical modifications to bind with other drugs 
for varying clinical applications. 
2.5 CONCLUSIONS
From the literature surveyed for the purpose of this project, it can be concluded 
that cellulose nanowhisker and biopolymer fibre reinforced composites (in the
form of biocomposites/nanocomposites/self-reinforced composites) have been 
shown to have huge potential in a wide range of applications within the 
packaging, electronics and biomedical fields. However, improvements in 
biocompatibility, fibre/matrix interaction, fibre size and shape, fibre orientation 
within matrix and consistency in properties still requires further attention in order 
to extend their application. The main problem associated with the use of CNWs in 
composite materials is related to their homogeneous dispersion within 
hydrophobic polymer matrix, such as PLA. Composites based on PLA also exhibited 
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brittle characteristics, which is regarded as one of the limitations of PLA. In 
addition, the surface of PLA possesses too poor a hydrophilicity to support 
degradation due to environmental moisture.
This research aimed to investigate the dispersion of cotton based CNWs in 
hydrophobic PLA and in hydrosoluble hydroxyethyl cellulose (HEC) matrices to 
produce flexible composite films. In addition, cellulose nanowhisker was chosen in 
this research to treat the surface of melt drawn PLA fibre in order to improve their 
mechanical, surface roughness and hydrophilic properties. Furthermore, cellulose 
nanowhisker coated PLA fibres were aimed to manufacture self-reinforced 
composites with improved mechanical properties.
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CHAPTER 3.                                                                                          
PHYSICO-CHEMICAL AND MECHANICAL PROPERTIES OF 
NANOCOMPOSITES PREPARED USING CELLULOSE NANOWHISKERS 
AND POLYLACTIC ACID
3.1 SUMMARY
In this chapter, a range of nanocomposite films were prepared using cellulose 
nanowhiskers (CNWs) and polylactic acid (PLA) via a solvent casting process. Acid 
hydrolysis process was used to produce CNWs from bleached cotton. 
Transmission electron microscopy (TEM) image revealed rod-like whiskers in the 
nano-scale region which were dispersed within the PLA matrix. The presence of 
the functional groups of CNWs and PLA were confirmed via FTIR analysis. Tensile 
tests were conducted on thin films and the nanocomposites containing 1 wt% 
CNWs showed a 34% and 39% increase in tensile strength and modulus, 
respectively, compared to pure PLA. However, voids identified within the 
nanocomposite films believed to have played an important role on the mechanical 
and degradation properties of the films containing higher percent of CNW.
Dynamic mechanical analysis (DMA) revealed that the tensile storage modulus 
also increased in the visco-elastic temperature region with increasing CNWs 
content in nanocomposites. Thermogravimetric analysis showed that all the 
materials investigated were thermally stable from room temperature to 210oC. A 
positive effect of CNWs on the crystal nucleation of PLA polymer in the 
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nanocomposites was observed using differential scanning calorimetry (DSC) and X-
ray diffraction (XRD) analyses. The degradation profiles of the nanocomposites in 
deionised water over one week period revealed a mass loss of 1.5 to 5.6% at 
alternate temperatures (25oC, 37oC and 50oC) with increasing CNWs content in the 
nanocomposites, which was strongly influenced by the presence of crystalline 
CNWs. 
3.2 INTRODUCTION
Materials, derived from biological origin, having at least one dimension in the 
nano-scale region can be incorporated into a natural polymer matrix [174, 182] to 
produce bio-based nanocomposites. These types of composites have shown 
potential applications in the field of food packaging, biomedical and tissue 
engineering with improved thermal and mechanical properties [183-185]. High 
strength cellulose nanowhiskers (CNWs) embedded within a biopolymer matrix 
has huge scope as bone implants, in soft tissue repair and as resorbable sutures. 
Cellulosic fibre, a polysaccharide composed of several hundred to tens of 
thousands of β-glycoside units in a linear orientation [41], is a natural polymer 
obtained from vegetable origin and is both biodegradable [11, 12, 186] and 
biocompatible [187, 188]. Cellulose nanocrystals are generally produced via acid 
hydrolysis using either sulphuric acid [15, 189], hydrochloric acid [190, 191] or 
nitric acid [192]. Recently CNWs have been used to reinforce biopolymeric 
matrices and several studies have investigated the mode of their reinforcement 
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[48, 159]. CNWs have high mechanical properties; for instance they  have a tensile 
modulus of approximately 105 GPa [54].
Polymeric biomaterials are compatible with biological systems and have been 
used to treat, augment, or replace tissues, organs and/or functions of the 
biological systems. PLA has many potential applications in the medical, textile, 
food and packaging industries [55-58]. Within the medical field PLA has been 
investigated for use in drug delivery systems, drug encapsulation, surgical 
implants, sutures, soft tissue and bone fixative materials [62, 193, 194]. 
For composite preparation, PLA has been blended with reinforcing fibres [61, 63, 
64], polymers including starch [195, 196], chitosan [167, 174, 197] and inorganic 
fillers [198]. Bondeson and Oksman [199] showed that nanocomposites prepared
via extrusion moulding of PLA/CNWs modified using polyvinyl alcohol followed by 
compression moulding showed improved mechanical properties, for example, 
tensile modulus increased from 3.31 GPa to 3.71 GPa for the composite containing 
65% PLA, 30% PVA and 5% CNWs compared with pure PLA. Cellulose nanofibre 
(produced from kenaf pulp) reinforced PLA composites produced via melt 
compounding and extrusion also showed a tensile modulus and strength increase 
from 2.9 GPa to 3.2 GPa and from 58 MPa to 71 MPa, respectively, for 
nanocomposites containing 5% cellulose nanofibre. The dynamic mechanical 
analysis results also reported that the storage modulus increased for all 
nanocomposites that were investigated, compared to PLA in the higher 
temperature region (70oC) [173]. Liu et al. [200] also investigated composite films 
prepared using PLA and flax cellulose obtained via acid hydrolysis of flax yarns and 
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reported that composites containing 5% flax cellulose showed the tensile strength 
and modulus increased by 59% and 47%, respectively. In contrast with the studies 
above [52, 173, 199], it has also been reported that the  tensile modulus of 
nanocomposites containing 1, 2, 3 and 5% freeze dried CNWs isolated from highly 
purified alpha microcrystalline cellulose reduced by 37, 47, 43 and 35% 
respectively, compared to pure PLA [171]. However, the dispersion of CNWs in 
chloroform was performed in that study using a homogeniser and then stirred 
with PLA solution at 40oC for 30 minutes. A significant decrease in tensile strength 
(up to 54%) was also reported in these nanocomposites. 
The chapter aimed to investigate the effect of the addition of CNWs in PLA on the 
thermomechanical, crystallisation and degradation properties of the 
biodegradable nanocomposites. To achieve this goal the nanocomposites 
(comprising of PLA reinforced with 1, 3 and 5 wt% CNWs) produced have been 
manufactured using cotton based CNWs and Natureworks PLA via a solvent 
casting process. The morphological, mechanical and thermal properties of these 
bio-based nanocomposite films are also reported in this chapter. Melt 
compounding process for the manufacture of PLA/CNWs composite films were 
also attempted at 190~200oC. However, the composite samples obtained were 
found to be quite brittle and the colour of the films was seen to turn into a dark 
brownish colour which was suggested to be due to thermal decomposition of 
CNWs. Therefore, the solvent casting process was considered to further progress 
the work conducted on PLA/CNWs based composite films.
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3.3 MATERIALS AND METHODOLOGY
3.3.1 Materials
Sulphuric acid (purity 95%, specific gravity 1.83), cotton wool (Bleached), 
chloroform and amberlite MB 6113 resin were obtained from Fisher Scientific 
(UK). Uranyl acetate was supplied by Sigma-Aldrich (UK). Polylactic acid (PLA) 
beads purchased from NatureWorks LLC (IngeoTM Grade 3251D average 
Mw~90,000-120,000 g mol-1, Density=1.24 g cm-3) were used as the matrix for the 
nanocomposites.
3.3.2 Cellulose nanowhiskers (CNWs) preparation
CNWs were prepared via hydrolysis of cotton wool (see Figure 3.1) for 45 min at 
45oC in 64 wt % aqueous H2SO4 with constant stirring [201]. The resulting 
suspension was then treated as described in the literature to obtain the cellulose 
nanocrystals [202]. Briefly, the acid hydrolysed suspension was washed with 
deionised water utilising three successive centrifugations at 10,000 rpm and 10oC 
for 15 min. For the removal of residual free acid from the suspension a dialysis 
under running tap water was conducted for 48 hours after which the pH of the 
eluent was measured (as it was required to be neutral). The dispersion of CNWs in 
water was homogenised using a Branson sonicator for 4 min and then filtered 
over a no2 fritted glass filter. The filtrate was stirred overnight with amberlite resin 
to remove non H3O+ cations from the CNWs suspension and then filtered again to 
obtain the final CNWs in deionised water. Finally, crystalline CNWs were obtained
by freezing the suspension in liquid nitrogen and freeze drying. Prior to producing 
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the nanocomposites, a homogeneous suspension of CNWs in chloroform was 
prepared by stirring and sonication.
Figure 3.1: Scheme of CNWs production from cotton via acid hydrolysis process.
3.3.3 Nanocomposites preparation
The solvent cast nanocomposites were prepared by dissolving PLA pellets in 
Chloroform (10% w/v), which was stirred constantly using a magnetic stirrer at 
40oC until the pellets were fully dissolved before adding the CNWs suspension in 
chloroform and mixing thoroughly for 2 hours. The formulations (Table 3.1) were 
poured into glass petri dishes placed on a horizontal surface and previously 
greased with silicon. The mixture was allowed to evaporate at room temperature 
(25oC) and after 24 hours the resulting films (approximate thickness 0.25 mm) 
were dried in a vacuum oven at 50oC for 48 hours to remove residual solvent.
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Table 3.1: Formulations and sample codes for the nanocomposites investigated in 
this study.
Sample Codes used in 
this study
PLA
(wt %)
CNWs
(wt %)
PLA 100 -
PLA-1 99 1
PLA-3 97 3
PLA-5 95 5
3.3.4 Characterisation
3.3.4.1 Electron microscopic analysis
The shape of the CNWs produced in this study were examined using transmission 
electron microscopy (TEM) on a JEOL (JEM-2000FXII, UK) at an accelerating 
voltage of 80 kV. CNWs were deposited from dilute aqueous dispersions onto 
carbon coated copper grids (mesh size 300) hydrophilysed by plasma treatment in 
an oxygen/argon 25/75% atmosphere for 5s. For the characterisation of 
nanocomposites, a small sample was embedded in epoxy resin and cured for 1 
day at room temperature (25oC). The epoxy embedded films were cut into thin 
slices (~100 nm) using an ultra-microtome cutter equipped with a sharp glass 
edge. To obtain better contrast in TEM the Cu-grid containing the samples was 
stained negatively using uranyl acetate (Sigma-Aldrich, UK) (2 wt%) for 3 min.
The surface topography of the nanocomposites was characterised using a 
scanning electron microscopy (Philips XL30, FEI, USA) at an accelerating voltage of 
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12 kV and a working distance of 10 mm. A sputtered coating of platinum was used 
to avoid image distortion due to charging. 
3.3.4.2 Void content of nanocomposites
The void content of solvent cast pure PLA and the nanocomposites were 
determined according to ASTM D 2734-94 method [203] using the theoretical
( lTheoretica ) and experimental ( alExperiment ) density of the nanocomposites:
Void content=  
்ߩ ௛௘௢௥௘௧௜௖௔௟ି 				ߩா௫௣௘௥௜௠ ௘௡௧௔௟்ߩ ௛௘௢௥௘௧௜௖௔௟ … … … … … (3.1)
்ߩ ௛௘௢௥௘௧௜௖௔௟ୀ	ଵඌௐ಴ಿೈ ೞఘ಴ಿೈ ೞି	ௐುಽಲఘುಽಲඐ…………….(ଷ.ଶ)
Where, CNWsW and PLAW are the weight fraction of CNWs and PLA, respectively and 
CNWs and PLA are the density of CNWs and PLA, respectively.
3.3.4.3 Fourier transform infrared (FTIR) spectroscopic analysis
Identification of functional groups of the CNWs produced was confirmed after acid 
hydrolysis of cotton using FTIR (Tensor-27, Bruker, Germany). All spectra were 
analysed with OpusTM software version 5.5. The nanocrystals and the thin films 
were scanned in transmittance mode in the region of 4000 and 550 cm-1 (wave 
numbers) using standard pike attenuated total reflectance (ATR) cell (Pike 
Technology, UK).
3.3.4.4 Tensile tests
The nanocomposite films produced were cut into dog bone shapes using a 10 
mm× 64 mm dog bone cutter and the tensile properties were characterised using 
a Hounsfield Series-S tensile test machine (Software-QMAT) with a cross head 
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speed of 1 mm min-1, gauge length 25 mm and a 1 kN load cell. The tensile 
strength and modulus were calculated from experimental data according to the 
European standard (ISO/DIS 527-1:2010).
3.3.4.5 Dynamic mechanical analysis (DMA)
Thermomechanical properties of the PLA films and the nanocomposites were 
measured using a DMA (Q-800 from TA Instruments, USA) in mutifrequency strain 
mode using the tension film clamp. The characterisation was conducted using Q 
series (Q-800) software and parameters maintained during the analysis were: 
0.05% strain, 0.01N preload force, 125% force track, 1 Hz constant frequency. The 
temperature was ramped from room temperature (25oC) to 80oC with a heating 
rate of 5oC min-1 and a gap distance of around 20 mm was maintained. Three 
repeat samples were used to characterise each material. The samples were 
prepared by cutting strips from the films with a width of 5 mm and length of 30 
mm. The storage modulus (E’) and tan delta of the nanocomposites were 
recorded with respect to increasing temperature. 
3.3.4.6 Thermogravimetric analysis (TGA)
The TG analysis was conducted from room temperature (25oC) to 480oC using a 
SDT Q600 thermogravimetric analyser from TA instruments (USA) with a heating 
rate of 10oC min-1 under 100 mL min-1 nitrogen gas flow. For background 
correction a blank analysis was conducted. The weight loss (%) with temperature 
of freeze dried CNWs and the nanocomposite films (6~10 mg) were determined. 
Data acquisition and processing was performed using TA Universal analysis 2000 
software.
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3.3.4.7 Differential scanning calorimetric (DSC) analysis
The percentage crystallinity of PLA in the nanocomposite films was investigated 
using a DSC (Q2000, TA instruments, UK). A sample size of approximately 6 mg 
was used in a Tzero aluminium pan and heated from 20 to 200oC at a heating rate 
of 10°C min-1 under nitrogen gas flow (50 mL min-1). The samples were 
isothermally held at 200oC for 5 minutes and then subsequently cooled down to 
20oC at -5oC min-1 and for the second time held isothermally at 20oC for 5 minutes 
before heating once again to 200oC at the same heating rate. Data acquisition and 
processing was performed using TA Universal analysis 2000 software. A blank pan 
measurement was conducted for background and at least three tests were done 
for each material to ensure repeatability. All the data were taken from both the 
first and second heating cycle (to eliminate thermal history effects) of DSC scan. 
The percentage crystallinity (Xc) of PLA in the nanocomposites was calculated 
according to Equation 3.3 [204]:
)3.3......(%.........100
/)(
[%] 


m
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HHH
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Where, , and are the enthalpy of melting, cold crystallisation and 
melt crystallisation (J g-1), respectively, of the polymer nanocomposites, moH is 
the enthalpy of fusion for a PLA crystal of infinite size (taken to be 93.6 J g-1) [205]
and PLA is the fraction of PLA in the nanocomposites. 
3.3.4.8 X-ray diffraction (XRD) analysis
The X-ray diffraction patterns of freeze dried CNWs and the nanocomposites films 
were obtained using a D500 diffractometer (SIEMENS) operated at 30 kV and 15 
mH ccH mcH
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mA,  utilising  a Cu-Kα radiation source ( λ= 0.154 ) . The diffraction patterns were 
recorded for 2θ values between 2o and 50o, using a step size of 0.04o, providing 
1200 steps, and a scan step time of 2 sec. The scans were controlled by the 
Diffrac-AC software program.  The degree of crystallinity of cellulose 
nanowhiskers was calculated according to Equation 3.4 [206, 207]: 
Where, )( amCrysI  ) represent the peak intensity (count per second) around 22.8
o for 
the crystalline and amorphous part I(am)  is the peak intensity around 18o and 
represents the amorphous part of the cellulose whiskers. 
3.3.4.9 Degradation properties
The degradation of the nanocomposite films was evaluated by means of mass loss 
measurements. The initial weight of four repeat specimens of each material 
(30mm × 5mm × 0.2mm) was measured before being immersed in glass vials 
containing 20 mL deionised water at different temperatures (25oC, 37oC and 
50oC). After one week, specimens were recovered from the media and dried in a 
vacuum oven at 50oC until constant weight. After that, the weight of the dried 
specimens and the pH of the media containing the degraded materials were 
recorded. The percentage mass loss was determined using Equation 3.5: 
  )5.3....(............................100
M
)M-(M
%  loss  Mass
o
dso 
Where, Mo is the mass of the dry sample and Mds is the mass of the dry sample 
after degradation.  
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3.3.4.10 Statistical analysis  
Unpaired t-tests were conducted to investigate any statistically significant 
differences between the means of the data sets that were obtained. To interpret 
the t-test results, a two tailed P-value (P) was considered with a 95% confidence 
interval and a significance level of 0.05. The difference was accepted as significant 
when the value of P obtained was less than 0.05.
3.4 RESULTS AND DISCUSSION
3.4.1 Morphological properties
The TEM image of the CNWs (before freeze drying) presented in Figure 3.2a 
revealed a rod-like structure for the nanowhiskers and addition of 2 wt% uranyl 
acetate solution provided some contrast for this image. Due to acid hydrolysis, the 
amorphous portions of the long chain cellulose were hydrolysed, and the 
crystalline portion remained unaffected to produce rod-like whiskers in the nano-
scale region which was confirmed via TEM. The average length and width of the 
CNWs were approximately 200 ± 100 nm and 10 ± 2 nm respectively obtained 
from several TEM images, which was found to be very similar to the analysis 
conducted by Elazzouzi-Hafraoui et al. [208], who also obtained cotton 
nanocrystals of dimensions ranging from 25 to 320 nm in length and 6 to 70 nm in 
width. CNWs were observed to be aggregated into small bundles in the PLA matrix
as can be seen in Figure 3.2b. This was suggested to be due to strong self-
association tendency of CNWs via hydrogen bonding of their hydroxyl groups and 
their high surface area [176, 209, 210]. The freeze drying process employed 
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during the nanowhisker production may also have influenced their self-association 
nature. It has been suggested that higher concentrations of CNW suspensions 
(~1.0 wt% and more) used in the freeze drying process had a lower surface charge 
(zeta potential less than -32.61 mV) which may have promoted the self-
assembling of CNWs into lamellar structure rather than rod like shapes [211]. 
However, the concentration of CNW suspensions used in this study to isolate the 
freeze dried CNW was 1.4 (±0.4) wt%. In addition, the surface charge (zeta 
potential) of similar cotton extracted CNW was reported to be around -9.49 mV 
[212]. Therefore, the freeze drying process may have contributed to the 
aggregation of freeze dried CNWs within the matrix (as can be seen by the TEM 
image, Figure 3.2b).
The surface topography of the pure PLA and nanocomposites was also analysed 
via SEM, as presented in Figure 3.2c and Figure 3.2d, where the presence of voids 
were identified in both PLA and nanocomposite films, which was suggested to be 
due to the highly volatile chloroform escaping during the film drying process.  The 
shape and size of the voids was seen to vary throughout the nanocomposites.
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Figure 3.2: Electron microscopy images: a) TEM image of CNWs (before freeze 
drying), b) TEM image of nanocomposite (PLA-1) prepared using 1 wt% freeze 
dried CNWs, c) SEM image of the surface topography of pure PLA film, and d) SEM 
image of the surface topography of the nanocomposite (PLA-1) film.
A representative image of the solvent cast nanocomposites (approximate 
dimensions 15mm × 7mm × 0.25mm) prepared using different percentages of 
CNWs are shown in Figure 3.3.  Images obtained showed that the PLA film was 
fairly transparent, whilst the PLA-1, PLA-3 and PLA-5 became increasingly opaque 
with increasing additions of CNWs in the nanocomposites. This was suggested to 
be due to the flocculation effect of CNW aggregates, where discrete CNW 
aggregates were randomly distributed within the transparent PLA matrix. 
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Figure 3.3: Representative image of the solvent cast pure PLA and nanocomposites 
films.
3.4.2 Void content 
The presence of void content in nanocomposites can have a significant influence 
on the mechanical properties of nanocomposite films. The void content (%) of 
nanocomposite films was seen to increase with increasing content of CNWs in the 
nanocomposites. In PLA-1, PLA-3 and PLA-5 nanocomposites, approximately 8.7, 
11.2 and 13.9% voids were calculated, whereas around 1.2% voids were found in 
the solvent cast pure PLA film. This was suggested to be due to entrapped 
moisture within the CNWs and use of volatile solvents during the film processing
stage, which was also reported in the literature [213-215]. In addition, the shape 
of the voids were observed to have sharp edges, which was believed to have a 
strong influence on reducing the mechanical properties during the testing.
3.4.3 FTIR analysis
The functional groups of acid hydrolysed CNWs, PLA and nanocomposites were 
identified using FTIR-ATR spectroscopy (see Figure 3.4). 
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Figure 3.4: FTIR-ATR spectrum for the CNWs, pure PLA and nanocomposites 
investigated in this study.
For the CNWs alone, the bands at 3336 cm-1 and 3290 cm-1 were attributed to free 
O-H stretching vibration and H-bond, respectively. The bands at 2900 cm-1 and 
1429 cm-1 indicated the C-H stretching and bending of –CH2 groups, respectively. 
The peak at 1162cm-1 was attributed to the C-O-C stretching bridge of glucose ring 
structure of cellulose. The bands at 1057 cm-1 and 1033cm-1 represented the C-O 
stretching at position C-6 and C-3 in the saccharide structure, respectively [174]. 
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The absorbance band at 809 cm-1 representing the C-O-S vibration associated with 
the C-O-SO3 group present on the surface of the CNWs [211] was expected, due to 
the esterification of hydroxyl groups by sulphate ions formed during the suphuric 
acid hydrolysis process employed to isolate the CNW from cotton. For pure PLA, 
the peak at 1748 cm-1 and 1080 cm-1 represented the symmetrical stretching of 
C=O and -C-O- groups of ester bonds, respectively and the bands at 1450 cm-1, 
1381 cm-1 and 885 cm-1 were assigned to asymmetrical stretching of –CH3 group,  
symmetrical deformation of –CH3 and C-H group in the polymer, respectively 
[216]. It was seen that the peak for free hydroxyl groups at 3336 cm-1 in PLA-1 and 
PLA-3 disappeared, which was suggested to be due to presence of small amount 
of CNWs in the nanocomposites, however, this peak was observed in PLA-5 for 
containing higher percentage of CNWs.  The intensity of the peak at 1033-1057 
cm-1 for the C-O group of the saccharide structure in the nanowhiskers increased 
with an increasing loading of the nanowhiskers, as expected. 
3.4.4 Mechanical properties
The mechanical properties of the nanocomposites compared to the pure PLA are 
depicted in Figure 3.5. PLA-1 showed a significant percentage increase (34%) in 
tensile strength, whilst PLA-3 and PLA-5 showed little increase (8%) in comparison 
with the pure PLA (tensile strength ~21.2 MPa).  This was suggested to be due to 
better dispersion of the CNWs within the polymer matrix for PLA-1 compared to 
PLA-3 and PLA-5. At higher concentrations of CNWs in the nanocomposites, poor 
dispersion was observed due to the strong self-aggregating nature of CNWs 
leading to a less pronounced increase in tensile strength.  The tensile modulus of 
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PLA-1, PLA-3 and PLA-5 also showed an improvement of 39%, 34% and 51%, 
respectively as compared to PLA alone. This significant increase in tensile modulus 
for all the nanocomposites investigated was expected due to the higher modulus 
(57 GPa) of the CNWs  [54]. 
However, the tensile properties of pure PLA investigated in this study found lower 
in comparison to expectation and this was due to the presence of lots of voids
created within the film during the processing into thin film. Similar mechanical 
properties for pure PLA film was also reported by Liu et al. [200] who investigated 
solvent cast PLA film (Natureworks, 2002D) and found the tensile strength ~ 19.4 
MPa and modulus ~1.4 GPa. The tensile test data calculated in this study was 
found to be statistically significant comparing PLA alone against PLA-1 (P<0.05), 
PLA-3 (P<0.05) and PLA-5 (P<0.05). Comparing PLA-3 and PLA-5 against PLA-1 the 
tensile strength data was also found to be statistically significant (P<0.05). 
However, comparing PLA-3 and PLA-5 the tensile strength data was considered 
not to be statistically significant (P>0.05).
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Figure 3.5: a) Tensile strength and modulus properties for the PLA and 
nanocomposite films, and b) comparison between the experimental and predicted 
modulus calculated using the ‘Rule of mixture’ (Cox-Krenchel) model.
The tensile modulus of short fibre reinforced composite materials could be 
predicted using the well-known ‘Rule of mixture’ equation (see Equation 3.6) [3], 
which was later modified by Cox and Krenchel by introducing efficiency factors in 
the ‘Rule of mixture’ equation as presented in Equation 3.7:
ܧ௖= ܧ௙ܸ ௙+ ܧ௠(1− ௙ܸ) … … … … … . . (3.6)
Chapter 3 –Characterisation of CNWs-PLA based nanocomposites
59
ܧ௖= ߟଵ	ߟ଴ܧ௙ܸ ௙+ ܧ௠(1− ௙ܸ) … … … … . . (3.7)
Where, η1 and η0 represent the efficiency factors of fibre length and fibre 
orientation. For a random fibre composite, η1 is regarded as 1 and η0 is taken to be 
3/8 [217, 218]. Therefore, the Equations 3.7 can be presented as follows:
ܧ௖= 3 8ൗ ܧ௙ܸ ௙+ ܧ௠(1− ௙ܸ) … … … … . . (3.8)
The predicted modulus calculated using Equation 3.8 is plotted in Figure 3.5b and 
compared with the experimental modulus. The following assumptions were 
considered: tensile modulus of filler (CNW), Ef = 57 GPa [54], tensile modulus of 
matrix (PLA), Em = 0.92 GPa (experimental), density of filler (CNW), ρf = 1.59 g cm-3
[176] and density of matrix (PLA), ρm = 1.24 g cm-3. The volume fraction (Vf ) was 
calculated using the following Equation 3.9 [219]:
௙ܸ= ௙ܹ/ߩ௙௙ܹ/ߩ௙+ (1− ௙ܹ)/ߩ௠ … … … … … … . . (3.9)
The tensile modulus of the nanocomposite films investigated in this study was 
found to be lower in comparison to predicted values (see Figure 3.5b). In addition, 
the deviation between the experimental values and the predicted line was 
observed to increase with CNW content. This may have been due to higher 
volume fraction of nanowhiskers resulting in poor dispersion and increasing void 
contents within the nanocomposite films, which has been reported in Section 
3.4.2. The size and shape of the voids as well as their distribution within the 
composite were also suggested as having a significant influence in decreasing the 
mechanical properties [220, 221]. It has been reported that voids within the 
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composite can cause premature failure initiated from the sharp edge of the longer 
voids.
In comparison with pure PLA film, a dramatic reduction in elongation at break was 
seen for all the nanocomposites (see Figure 3.6). In case of PLA-1, PLA-3 and PLA-5 
the reduction in elongation property of approximately 85, 88 and 90% was 
observed compared to PLA alone, suggesting the stiffening and hardening effect in 
the nanocomposites with increasing content of CNWs [222].
Figure 3.6: Elongation at break properties for the PLA and nanocomposite films.
3.4.5 Thermo-mechanical properties
The thermo-mechanical properties of the nanocomposite films were investigated 
via DMA to explain the mechanical behaviour of materials with change in 
temperature, as the modulus is dependent on the temperature and applied stress. 
In a DMA deformation (as a sinusoidal wave) is applied to measure the response 
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of the sample. The frequency or the temperature can be varied during testing to 
probe effects on the mechanical properties of these changes. The mechanical 
properties (i.e. modulus) are then obtained from measuring force and 
deformation during cycling. The difference between pure viscous behaviour (i.e. 
liquid) and pure solid behaviour can be obtained from the change in phase angle 
between the input and the material response.
In this experiment, the frequency was fixed at 1 Hz (1 cycle second-1 to record the 
modulus every second) and the temperature was ramped from 25 to 80oC at a 
rate of 5oC min-1 (Please see section 3.3.4.5 for detail parameters) to measure the 
storage modulus. However, the storage modulus obtained using DMA should not 
be exactly same as the Young’s modulus, as the Young’s modulus was calculated 
from the slope of initial linear portion of stress-strain curve. Whereas, in DMA, a 
complex modulus (E*), storage modulus (E’) and loss modulus (E’’) were obtained 
from the material response to the sine wave (E*= E’ + iE’’) [223].
The DMA results revealed the storage modulus of the nanocomposite films as a 
function of temperature as seen in Figure 3.7a. The incorporation of CNWs in the 
PLA matrix showed an improvement in storage modulus for all the 
nanocomposites in the visco-elastic temperature region of polymer. The amount 
of CNWs incorporated in the PLA matrix played a significant role in the 
improvement of storage modulus of the nanocomposites at all the temperature 
regions investigated in this study. 
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Figure 3.7: a) Tensile storage modulus curves from DMA data for pure PLA and 
nanocomposites, and b) tan delta curves from DMA data for pure PLA and 
nanocomposites.
Tan delta (also called damping) measured using DMA indicated the efficiency of a 
material losing energy due to the molecular rearrangement and internal friction 
and is calculated from the ratio of the loss to the storage modulus [223]. The tan 
delta peaks obtained for the nanocomposites investigated have been shifted to 
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the higher temperature regions compared to the tan delta peak for PLA alone (see 
Figure 3.7b). The tan delta peaks for PLA-1, PLA-3 and PLA-5 were seen at 58oC, 
59oC and 62oC compared to that for pure PLA at around 51oC, suggesting the 
addition of CNWs in nanocomposites remarkably improved the storage modulus 
in the plastic region of the polymer. The right shift of tan delta peaks also 
suggested that the reinforcement established in the nanocomposites had 
significant influential effect on the segmental motion of PLA matrix. It was also 
seen that the width of the tan delta peaks in the nanocomposites were wider as 
compared to pure PLA which indicated the increasing temperature span required 
for the transition, which was also reported by the Petersson et al. [182]. This was 
attributed to be due to higher reinforcement and surface induced crystallisation of 
the polymer matrix with an increase in CNWs concentration in the 
nanocomposites. 
3.4.6 Thermal properties
The thermal stability of the CNWs and nanocomposites are shown in Figure 3.8, 
which plots residual weight vs. temperature. All the materials were found to be 
thermally stable in the temperature region between 20oC and 210oC as compared 
to a very similar literature value 25o to 220oC for nanocomposites produced using 
PLA and nanowhiskers isolated from microcrystalline cellulose [52].  The CNWs 
started to lose their weight after 210oC, whilst the nanocomposites showed 
decomposition above 320oC. Similar thermal behaviour of CNWs was also 
reported in the literature [224, 225] and this was due to the sulphuric acid 
hydrolysis of cotton and may be presence of some sulphate groups in the 
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nanowhiskers. At higher temperature (~400oC) the residual weight percent of the 
nanocomposites was seen to increase with increasing CNWs content. 
Figure 3.8: TGA thermogram of the CNWs, pure PLA and nanocomposites 
investigated in this study.
The melting thermogram of the pure PLA and nanocomposite films was depicted 
in Figure 3.9. The melting peak of pure PLA film appeared around 170oC, while a 
slight shift of melting peaks to the right at around 172oC was observed in all the 
nanocomposites and this was suggested a little effect of CNWs in increasing the 
melting temperature of the nanocomposites. 
3.4.7 Crystallisation properties
The crystallisation behavior of PLA in the nanocomposites was investigated using 
DSC analysis. The enthalpy of fusion of pure PLA and nanocomposites was 
obtained from the first and second heating run of DSC data (see Figure 3.9).
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Figure 3.9: DSC thermogram of the pure PLA and nanocomposites obtained from 
a) the first, and b) the second heating run.
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Table 3.2: Crystallinity Index of pure PLA and nanocomposite films investigated 
using DSC data.
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PLA 36.9 39.4 35.6 24.6 3.0 8.6
PLA-1 39.7 42.8 37.4 25.1 2.5 10.6
PLA-3 40.8 44.9 37.9 20.6 2.7 16.1
PLA-5 41.5 44.6 38.1 20.0 2.8 17.3
   a Instrument’s cell constant 0.9965
The percentage crystallisation of PLA and the nanocomposites (Table 3.2) showed 
that the crystallinity of solvent cast PLA (around 39.4% calculated from the 1st
heating cycle) was comparable to the literature values of 40.7% [205]. Though the 
crystallinity of the pure PLA found lower (8.6% crystalline) obtained from the 2nd
heating cycle due to the elimination of thermal history effect, an increase in 
enthalpy of fusion was seen in the nanocomposites, which was due to the 
incorporation of crystalline CNWs in the nanocomposites. As a result, the 
crystallisation of PLA in the nanocomposites found increasing as expected 
probably due to the crystal nucleation of PLA polymer influenced by the presence 
of CNWs crystallites [200].  Since tensile properties are a function of crystallinity
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[81], the increase in mechanical properties of the nanocomposite films achieved in 
this study (Section 3.4.4) also believed to be due to their increasing crystallinity.
Furthermore, the crystallisation property of CNWs produced and their effect on 
the crystallisation of PLA in the nanocomposites were investigated further using 
XRD. Figure 3.10 shows the XRD traces of the CNWs and the nanocomposites. 
From the diffraction pattern of CNWs the highest peak was observed at 2θ = 22.8o 
and the double peak signal at 2θ = 14.9o and 16.5o was consistent with the 
diffraction pattern of reference cotton based cellulose [226] identified from the 
ICDD patent PDF-2 database (File no. 00-050-2241). 
Figure 3.10: X-Ray diffraction patterns of the CNWs, pure PLA and nanocomposites 
investigated in this study. Closed diamond (♦) = Reference cellulose peaks 
identified from the ICDD patent PDF-2 database (File no. 00-050-2241).
An approximate crystallinity of 89.1% was calculated for the freeze dried CNWs, 
which was very close to the result stated by other studies [176, 208]. The main 
diffraction peaks for PLA alone were seen at 2θ = 16.5o and 18.9o and a weaker 
peak at around 22.5o which was also consistent with the literature values [227]. 
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The XRD traces for the nanocomposites showed clear retention of the cellulose 
crystallites with increasing peak intensity at 2θ = 14.9 o, 16.5o and 22.5o, and this 
was again suggested to be due to an increase in the crystallinity of the 
nanocomposites, which was also well consistent with the aforementioned DSC 
results. 
3.4.8 Degradation properties
The degradation behaviour of the nanocomposites after a week in deionised 
water at varying temperatures (25oC, 37oC and 50oC) can be seen in Figure 3.11a. 
Figure 3.11: a) Mass loss of nanocomposite films in deionised water at different 
temperatures for 1 week, and b) pH of deionised water containing degraded 
sample of nanocomposites at different temperatures.
The percentage mass loss of PLA alone increased significantly with increasing 
temperature (up to ~5.2% at 50oC) and this loss was attributed to hydrolysis of the 
polymer influenced by higher temperature. At room temperature the mass loss of 
the nanocomposites was seen to increase with increasing CNWs content 
compared to PLA alone. However, at 37oC for all nanocomposites the percentage 
mass loss was slightly lower compared with room temperature studies and this 
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was suggested to be due to hydrolysis of the amorphous domain of the polymer at 
higher temperature and subsequent interfacial reinforcement of polymer by 
nanocrystals hindering the rapid degradation of these nanocomposites [216]. A 
significant percentage mass loss was observed at 50oC for all the nanocomposites 
and it was suggested that this increase was due to the leaching of CNWs and a 
continuous breakdown of the interface between the CNWs and the polymer 
matrix [228].
The pH of the degradation media for PLA alone remained relatively neutral for the 
duration of the study along with PLA-1 as seen in Figure 3.11b. However, a 
decrease in pH was observed for PLA-3 and PLA-5 with increasing temperature 
(from 37oC to 50oC) and this was suggested to be due to the leaching of acid 
hydrolysed CNWs in the deionised water. 
3.5 CONCLUSIONS
The influence of the CNWs on the improvement of the mechanical, 
thermomechanical, crystallisation and hydrolytic degradation properties of 
nanocomposites based on PLA was investigated in this chapter. The morphology 
of CNWs was observed likely to be aggregates of rod-like structure. Dispersion of 
the nanowhiskers within the PLA matrix was limited and also observed as largely 
aggregated. However, despite this aggregation, significant differences were 
observed between the properties of the nanocomposites as compared to PLA 
alone.  Presence of voids identified in the nanocomposites played an important 
role on the mechanical and degradation properties of the nanocomposites. The 
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nanocomposites containing 1 wt% CNWs showed 34% and 39% increase in tensile 
strength and modulus, respectively compared to PLA alone and this improved 
properties proved the mechanical reinforcement of PLA with CNWs. The DMA 
results revealed the incorporation of CNWs in the PLA matrix showed the 
significant improvement in the storage modulus properties of the 
nanocomposites, especially in the plastic temperature region of PLA and the tan 
delta peaks showed the significant reinforcement and surface induced 
crystallisation was established in the nanocomposites due to the addition of 
CNWs. TGA revealed that all the materials were thermally stable in the 
temperature region between 25oC and 210oC. The mass loss of all the 
nanocomposites produced showed that the presence of cotton based CNWs had a 
significant influence on controlling the degradation properties at varying 
temperatures. 
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CHAPTER 4.                                                                                 
HIGH CELLULOSE NANOWHISKER CONTENT FLEXIBLE THIN 
COMPOSITE FILMS
4.1 SUMMARY
Flexible composite films with a high cellulose nanowhisker (CNW) content of up to 
75 wt% by weight were produced by casting from aqueous solution with water 
soluble hydroxyethyl cellulose (HEC). The surface topography of the films 
displayed an aggregated morphology influencing the surface roughness and light 
transparency properties of the thin films. Using fluorescently labelled HEC, the 
extent of CNWs aggregation in the composites was determined, which indicated 
that up to 13 wt% of CNWs can be homogeneously blended with HEC, above 
which larger CNWs aggregates occur. However, even in a somewhat aggregated 
form, the CNWs still form a percolated network and appear to be homogeneously 
dispersed as larger aggregated entities. The composite CNW-HEC films further 
exhibited improved thermal stability compared to both the CNWs and HEC alone 
with decomposition temperatures shifting from 261oC for CNWs and 313oC for 
HEC to 361oC for blends containing 75 wt% CNWs. Surface induced crystallisation 
of HEC by CNWs was also found with higher crystallinity for the composite films.
Due to the reinforcing effect of CNWs within the matrix, an increase in tensile 
strength (294%) and modulus (2004%) was observed for the blend containing 75
wt% CNWs compared to the pure HEC film (tensile strength ~12.23 MPa and 
modulus ~0.39 GPa). The storage modulus of all the flexible films investigated also 
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revealed an increasing trend with CNW content across the temperature region 
explored. The swelling kinetics of the CNW-HEC blends in phosphate buffered 
saline (PBS) media at 37oC were also investigated and CNWs were shown to have a 
strong influence on reducing the equilibrium swelling capacity and initial swelling 
rate of the blends. 
4.2 INTRODUCTION
Composites based on water soluble biopolymers are of significant interest due to 
their biodegradability, biocompatibility and good processability and have already 
shown their potential for application in the fields of biomedical materials [229, 
230], tissue engineering [231, 232] and pharmaceuticals [233, 234]. Dispersion, 
interfacial properties and/or miscibility of the biopolymers in the blends 
significantly influences the mechanical and degradation properties of the 
composite materials, which can be explained by the presence or absence of 
interactions and bonding between the constituents and the surface characteristics 
of the polymers and the fillers. A number of positive interactions between various 
water-soluble polysaccharides and biopolymers have been reported in the 
literature [235-237]. For example, the physicochemical properties of hydrophilic 
polymeric films prepared from the blends of hydroxyethylcellulose (HEC) and poly 
[(methyl vinyl ether)-alt-(maleic acid)] (PMVEMAc) were investigated by 
Khutoryanskaya et al. [238], who suggested that cross-linking of water-soluble 
polymers was achieved through the formation of inter macromolecular hydrogen 
bonds via thermal treatment of the blends. The glass transition temperature, Tg
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for HEC was reported to be 97oC and the blend containing 50 wt% PMVEMAc 
showed an increase in Tg to 143oC due to the cross-linking effect on the polymers. 
Wang et al. [239] investigated a composite hydrogel prepared via graft 
copolymerisation of HEC, sodium acrylate (NaA) and medicinal stone (MS) and 
showed that by incorporating 10 and 50 wt% MS in the blends, the swelling 
capacity increased by 400% (from 162 to 810 g g-1) and 117% (from 162 to 352 g g-
1) respectively. A 7.5 fold improvement in the initial swelling rate constant was 
also reported for incorporating MS in the blends compared to MS-free samples. 
They also confirmed the grafting of NaA on the HEC backbone and improved 
dispersion of MS in the polymer matrix after preparing the composite hydrogels 
via a facile free-radical graft copolymerisation [239]. The thermal degradation 
behaviour of pure HEC was reported by Chen et al. [240] and they found 67% 
weight loss had occurred at 350oC with their initial (Td) and maximum (Tdm)
decomposition temperatures at 243oC and 269oC, respectively. Li et al. [241] also 
reported similar thermal degradation properties for pure HEC, showing a 35.5 wt% 
char yield at 400oC with Td and Tdm values at 239oC and 280oC, respectively.
Cellulose is a polysaccharide composed of linearly orientated crystalline and 
amorphous phases [41]. Their amorphous portions can be selectively hydrolysed, 
generally via a sulphuric acid [15, 189, 202] or hydrochloric acid [190, 191]
hydrolysis process, to obtain cellulose nanocrystals. Incorporation of nanofillers in 
the polymer blends can have a significant influence on the interactions with 
polymers, resulting in improved thermal and mechanical properties [45, 48, 123]. 
CNWs reinforced water soluble biopolymer matrices have great potential for use 
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in many applications, such as in soft tissue engineering, drug delivery and drug 
coating and encapsulation. Recently nanocellulose has been used with both 
water-soluble and insoluble polymers, such as PCL [19, 202, 242], PLA [52, 63, 132, 
166, 172, 199, 200, 222], chitosan [167, 174], starch [48, 243], polyvinyl alcohol 
(PVA) [244-246] and polyvinyl acetate (PVAc) [50]. This is due to their availability, 
low cost, biodegradability [11, 12, 186], biocompatibility [188] and high 
mechanical properties (tensile modulus ~105 GPa for cotton based nanocellulose) 
[54]. For example, Liu et al. [200] investigated the incorporation of 5% flax 
nanocellulose within a bioresorbable PLA matrix and found that the tensile 
strength and modulus of the nanocomposites increased by 59% and 47% 
respectively, compared to PLA alone. The enhanced tensile storage modulus in the 
rubbery plateau region (64% improvement at 60oC) and a shift to the right of the 
tan delta peak by 20oC suggested a reduction in the segmental motion of the 
matrix, which was also reported for composites containing 5 wt% surface 
modified nanocellulose by tert-Butanol [52]. Ma et al. [247] prepared ‘green 
composites’ using pre-treated (with NaOH) microcrystalline cellulose (PMCC) and 
nanocrystalline cellulose (NCC) and showed that the tensile strength and modulus 
increased to 49 MPa from 35 MPa and 3.6 GPa from 1.1 GPa, respectively, for 
composites containing 25 wt% NCC compared to NCC-free composites. The 
elongation to break of the composites containing 10 wt% NCC was reported to be 
9.63% compared to 13.39% for the 10 wt% PMCC composites. The high strength 
all-cellulose based nanocomposite films with different ratios of cellulose I and II 
were reported in the literature [248] to have a tensile modulus and strength of 
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13.1 GPa and 242.8 MPa, respectively for nanocomposites containing cellulose I 
and II ratios of 43/57. Cellulose based nanofibre paper without any binder was 
investigated by Nogi et al. [249] for their light transparency, high modulus (13 
GPa) and strength (223 MPa), indicated strong H-bonding of nanocellulose. This 
type of H-bonded networks in CNWs has also been used to prepare CNW-based 
porous membranes [209], aerogels [176] and composites with variable mechanical 
properties controlled by water ingress [250].
The composite materials investigated in this chapter were manufactured using 
cotton based CNWs and hydroxyethyl cellulose (HEC) matrix. HEC is a non-ionic 
water-soluble material used for thickening, colloid stabilisation, improvement of 
water retention, emulsification, and film formation. This study was aimed at using 
HEC as a binder for the CNWs to create high CNW content composites, with the 
intention to create strong yet flexible composite films. The molecular similarity of 
both compounds should provide strong interactions. However, higher HEC content 
in the composite films would lead to rapid dissolution of the film upon immersion 
in PBS or deionised water, which limited the use of lower CNW fraction in the 
composites. The structural, thermomechanical and crystalline properties of these 
composites have been evaluated. 
4.3 MATERIALS AND METHODOLOGY
4.3.1 Preparation of cellulose nanowhiskers (CNWs)
CNWs were extracted from cotton via an acid hydrolysis process as described in 
Section 3.3.2.
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4.3.2 Preparation of CNWs reinforced flexible films 
The cellulose nanowhisker reinforced hydroxyethyl cellulose (CNW-HEC) flexible 
films were prepared via a solvent casting process. HEC powder was purchased 
from Dow Chemicals, Switzerland (Cellosize, HEC WP-52000HP, bulk density 0.4-
0.6 g cm-3, molecular weight 10,000~1000,000, melting point 200oC) containing 
hydroxyethyl cellulose (83-95%), sodium acetate (7.5%), water (5%), isopropanol 
(3%) and cellulose (0.5%).
Table 4.1: Formulations of flexible films prepared using CNWs and HEC.
Sample codes used in 
this study
CNWs
(wt%)
HEC
(wt%)
HEC - 100
CNW:HEC(50:50) 50 50
CNW:HEC(65:35) 65 35
CNW:HEC(75:25) 75 25
The HEC powder was dissolved in deionised water (1% w/v), which was stirred 
using a magnetic stirrer at room temperature for 4 hours. To ensure complete 
solubilisation of HEC in the deionised water, the mixture was subjected to heat at 
90oC until the HEC powder had fully dissolved. A CNWs suspension in deionised 
water was also prepared (1% w/v) by utilising constant stirring for 2 hours at room 
temperature and then sonication for 5 minutes. The obtained suspension did not 
show sedimentation. The two suspensions were then combined together in 
different ratios (see Table 4.1) and mixed thoroughly for a further 2 hours at room 
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temperature. These were then poured into polystyrene petri dishes and allowed 
to evaporate at 50oC in an oven for 48 hours to obtain flexible films of 
approximately 0.06 mm thickness. The films were further dried in a vacuum oven 
at 50oC for 48 hours prior to testing.
4.3.3 Rhodamine isothiocyanate (RITC) labelling of HEC
HEC was labelled with rhodamine isothiocyanate (RITC) (Sigma Aldrich, U.K.) for 
fluorescence studies following the method proposed by Goff et al. [251]. Briefly, 
HEC (5.02 g) was suspended in 160 ml of dimethyl sulfoxide (Acros Organic, U.K.) 
containing 1 ml of pyridine (Acros Organic, U.K.), 0.25g of RITC and 100 mg of 
dibutylin dilaurate (Alfa Aesar, U.K.) were heated for 4 h at 95oC with continuous 
stirring. The resulting mixture was washed several times with ethanol (Fischer 
Scientific, U.K.) until no further free dye was visible. The RITC–HEC was then
vacuum dried. Flexible films with similar formulations to those presented in Table 
4.1 were also produced via solvent casting process using RITC–HEC and CNWs.
4.3.4 Characterisation
4.3.4.1 Electron microscopic analysis
The structural morphology of the acid hydrolysed CNWs was examined using 
transmission electron microscopy (TEM) as mentioned previously in Section 
3.3.4.1. The surface topography of pure HEC and CNW-HEC films was 
characterised using SEM according to the procedure described previously in 
Section 3.3.4.1.
4.3.4.2 Fluorescence microscopic and image analysis
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Brightfield and fluorescence images of the flexible films containing RITC-HEC and 
CNWs were obtained at room temperature using a Fluorescence Microscope 
(Leica DMLB) by placing the films on a flat glass slide. Fluorescence images were 
further analysed using ImageJ software (National Institutes of Health, USA) to 
calculate the area fraction of the CNWs on the surface of the composite films.
4.3.4.3 Surface roughness analysis
The surface roughness of the flexible thin films produced was conducted on a 
Surftest (SV-600, Mitutoyo) system using a diamond stylus tip (5 µm tip radius) 
with 0.5 mm s-1 travel speed. The measurement length was taken from 4.8 mm 
distance of at least six different positions of the film. 
4.3.4.4 Light transmittance
Light transmittance of the flexible thin films was measured using a UV/visible 
spectrometer (PerkinElmer, Lambda-25) by scanning over the wavelength range of 
200 to 800 nm.
4.3.4.5 Differential scanning calorimetric (DSC) analysis
As described in Section 3.3.4.7 (temperature range from 20 to 250oC).
4.3.4.6 Thermogravimetric analysis (TGA)
As described in Section 3.3.4.6 (temperature range from 25oC to 1000oC).
TA Universal Analysis 2000 software was used to calculate the weight loss (%) and 
the derivative weight loss with temperature from the TGA scans. 
4.3.4.7 Tensile tests
As described in Section 3.3.4.4. The test specimens were cut into strips (55mm × 
5mm) from the films and the European standard (ISO/DIS 527-1:2010) was 
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followed to calculate the tensile strength, modulus and elongation at break from 
experimental data. A minimum of five repeat specimens were tested for each 
formulation. 
4.3.4.8 Dynamic mechanical analysis (DMA)
As described in Section 3.3.4.5. The specimens were prepared by cutting strips 
from the films with a width of 4 mm and length of 25 mm and heated from -40oC 
to 430oC at rate of 10oC min-1, 15 mm gap distance, 0.05% strain, 0.01N preload 
force, 125% force track and 1 Hz frequency. 
4.3.4.9 X-ray diffraction (XRD) analysis
The crystallinity index of the samples was measured according to the procedure 
described previously in Section 3.3.4.8. The degree of crystallinity of the samples 
was calculated according to the Equation 3.4 (please see Section 3.3.4.8, chapter 
3).
4.3.4.10 Swelling kinetics
The swelling capacity of the CNW-HEC flexible films were calculated 
gravimetrically by measuring the mass of the sample before and after swelling in 
PBS media at 37oC for 2 hours using Equation 4.1. The swelled films were placed 
onto tissue paper to blot dry and weighed immediately. 
  )1.4...(....................100
M
)M-(M
%capacity Swelling
o
oW 
Where, Mw is the mass of wet sample after swelling and Mo is the mass of dry 
sample before swelling.
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4.4 RESULTS AND DISCUSSION
The high surface area, nano-scale dimensions and high mechanical properties of 
CNWs make them promising candidates to improve the thermal and mechanical 
properties of biopolymer based composites. Here we investigated whether 
hydroxyethyl cellulose, a cellulose sizing agent can be used to bind the 
nanowhiskers together to create high fibre content composites. 
4.4.1 Morphological properties
A representative TEM image of CNWs obtained via acid hydrolysis of bleached 
cotton is provided in Figure 4.1. The rod-like morphology of the whiskers in the 
nanoscale region was clearly observed. The CNWs in the TEM micrograph were 
aggregated, which was expected due to drying as a result of to the presence of 
hydroxyl groups on the surface of CNW promoting association via hydrogen 
bonding [176, 209, 210].
Figure 4.1: TEM image of cellulose nanowhiskers (CNWs).
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The surface topography of the HEC films and the dispersion of CNWs in the CNW-
HEC flexible films was also analysed via SEM and is presented in Figure 4.2 which 
suggests the Hydroxyethyl cellulose binder forms around the cellulose 
nanowhisker percolated network. Images obtained revealed that the surfaces of 
the HEC films were very smooth and homogeneous (see Figure 4.2a), whereas 
Figures 4.2b-d showed the nanowhiskers inducing surface roughness within the 
CNW-HEC blends and appearing to template the polymer onto the CNWs 
percolated network. 
Figure 4.2: SEM images of flexible films: a) HEC film, b) CNW:HEC (50:50),  c)
CNW:HEC (65:35), and d) CNW:HEC (75:25).
However, brightfield and fluorescence images revealed clear morphological 
differences between the RITC labelled HEC containing varying amount of CNWs 
and the pure RITC-HEC. Absence of black spots in the control sample of pure RITC-
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labelled HEC (Figure 4.3a) indicated that labelling of the HEC with RITC had been 
successful and was completely random with respect to the microscopy resolution. 
The composite films (Figure 4.3b-d) on the other hand revealed distribution of 
black spots due to the presence of un-labelled CNW particles. Whereas the darker 
regions are clear signs of CNWs aggregation, the CNWs structure formed still 
shows a homogeneous dispersion and a percolated network of these larger 
domains. 
Figure 4.3: Brightfield (left image of each set) and fluorescence (right image of 
each set) images of flexible films obtained from RITC labelled HEC with various 
CNW content: a) RITC-HEC, b) CNW:RITC-HEC(50:50), c) CNW:RITC-HEC(65:35), 
and d) CNW:RITC-HEC(75:25).
An increase in the undyed CNW particles (black spots) in the composite films 
indicated the dispersion of CNWs increased with an increase in their content 
within the matrix. From the image analysis conducted approximately 37, 51 and 
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63% CNWs were calculated in CNW:RITC-HEC(50:50), CNW:RITC-HEC(65:35) and 
CNW:RITC-HEC(75:25) composite films, respectively. However, the calculated 
amount of undyed CNWs revealed lower CNW content in the composites 
compared to the formulation used in composites processing, which was also 
expected due to the presence of some CNW particles covered by the RITC labelled 
HEC matrix. This indicates that a consistent 13% of CNWs is well dispersed within 
the HEC matrix (and not visible due to resolution limitations of fluoresence 
microscopy). This may be the limit for the preparation of fully-dispersed CNWs in 
HEC composites. A variation of shapes of the nanofiller aggregates within the 
composite films is also evident from the fluorescence images, which was also 
expected due to the previously mentioned self-association nature of CNWs, use of 
a viscous matrix during composite processing, and the high CNW content in the 
composites. These aggregations in the composite material become more 
important with increasing cellulose content. 
Figure 4.4: A drawing showing the aggregated morphology of CNW-HEC blends.
However, despite aggregation, the nanowhiskers still form a clearly visible 
percolated network and do not appear to accumulate into completely discrete 
regions. It can be expected that there is a competition between CNW-HEC 
interactions and CNW-CNW interactions and that under ideal conditions, an 
aggregated sandwiched structure as presented in Figure 4.4 can also be expected. 
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A similar aggregated morphology was also reported for composites prepared 
using cellulose nanowhiskers derived from eucalyptus wood and chitosan [167].
4.4.2 Surface roughness and light transparency
The average surface roughness (Ra) of the thin films was seen to increase with 
increasing CNW content in the blends as presented in Figure 4.5, which was 
attributed to the presence of higher amount of aggregated CNWs in the blends.
The roughness increased from approximately 0.8 µm to 3.0 µm for the films 
containing 75% CNWs, in agreement with SEM results. Nogi et al. [249]
investigated the influence of surface roughness on the light transparency of 
nanocellulose film and suggested that the rough surface of the film significantly 
reduced the light transmittance property due to light scattering effect, which was 
found to be consistent with the light transmittance properties (see Figure 4.6) of 
the CNW-HEC blends investigated in this study.
Figure 4.5: Surface roughness of the pure HEC and CNW-HEC flexible thin films.
The light transparency of thin films obtained by UV/Visible spectrometry shows 
pure HEC film revealed light transparency of around 86% in most of the visible 
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light region, whereas, the thin films based on CNW-HEC blends exhibited a 
significant decrease in light transmittance down to 5.2%, with increasing CNWs 
content in the blends. Representative images of the flexible thin films (see inset of 
Figure 4.6) also reveal that the optical transparency decreased with increasing 
CNW content.
Figure 4.6: Light transmittance of flexible thin films. Inset Figure shows the 
representative image of the flexible thin films: a) HEC, b) CNW:HEC(50:50), c)
CNW:HEC(65:35), and d) CNW:HEC(75:25).
4.4.3 Thermal properties
From DSC analysis of pure HEC and CNW-HEC flexible films (Figure 4.7) it can be 
seen that the glass transition temperature (Tg) of pure HEC film appeared at 
around 89oC which remained at this value with the addition of CNWs in the CNW-
HEC blends for all CNW contents. The Tg value for pure hydroxyethylcellulose has 
been reported by Luo et al. [42] as 76±5oC and by Khutoryanskaya et al. [238] as 
97oC. The variation in the Tg values of this material are suggested to be due to the 
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presence of moisture, the degree of sample deacetylation and the experimental 
protocols used to determine the Tg [42]. However, the deviation in Tg values of the 
pure HEC compared to the literature’s pure hydroxyethylcellulose was also 
expected as the HEC used in this study contained additives as well as 
hydroxyethylcellulose. The DSC data presented in this study is taken from the 
second heating cycle of the thermogram in order to minimise the effect of 
thermal history and the influence of any residual moisture present within the 
samples.
Figure 4.7: DSC curves of pure HEC and CNW-HEC flexible films.
Thermogravimetry (TG) and derivative thermogravimetry (DTG) curves of the 
CNWs, pure HEC and CNW-HEC blends are shown in Figure 4.8. The TG analysis 
revealed a weight loss of ~10% for each sample type below 150oC, which was 
attributed to the evaporation of loosely-bound water or other volatiles [238, 252]. 
It can be seen from Figure 4.8a that the composites and pure HEC matrix were 
stable up to 230oC (90% retention of residual weight) except for the CNWs alone 
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(stable upto only 192oC), indicating that the processing temperature for these 
blends should be kept below 192oC. The lower thermal decomposition of CNWs 
compared to HEC was attributed to residual sulphate groups on the surface of 
CNW created by the acid hydrolysis process used to produce them [225].
Figure 4.8: a) TG curves of CNWs, HEC and CNW-HEC flexible films, and b) DTG 
curves of CNWs, HEC and CNW-HEC flexible films.
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The major thermal decomposition profiles of CNWs, HEC and their blends were 
evaluated from their derivative thermogravimetry (DTG) curves (see Figure 4.8b), 
which showed the maximum decomposition temperature (Tmax) for acid 
hydrolysed CNWs and pure HEC film at 261oC and 313oC, respectively. The thermal 
degradation of all the major functional groups in the materials occurred in the 
range 190~380oC through solid state transformations and loss of low molecular 
mass fragments [238, 253]. The composite decomposition peaks in the range of 
240~260oC indicated decomposition of some CNWs which may possibly have been 
loosely attached to the surface of the matrix. The char combustion peak (I), (II), 
(III) and (IV) for CNWs, CNW:HEC (75:25), (65:35) and (50:50), respectively, was 
further seen to shift to higher temperature region with increasing HEC content in 
the blends, probably due to interactions between HEC and CNWs resulting in 
closer packing and reduced oxygen ingress during combustion. The wider char 
combustion peaks also suggest that a larger temperature span was required to 
complete the char combustion reaction for blends with higher HEC content, 
further pointing towards a closer packed structure. The second derivative 
thermogravimetry (2DTG) data (see Table 4.2) were used to evaluate the onset 
(Td) and the final (Tdf) decomposition temperatures for the main degradation 
peak. Both the Td and Tdf for the blends of CNW-HEC were observed to increase 
with increasing CNW content in the blends compared to both CNWs and pure HEC 
film, indicating a synergistic effect. For all the blends investigated a shift to the 
higher temperature region for the major combustion reaction and the high char 
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content at 400oC compared to CNWs and HEC alone suggest that their interaction 
might have significant influence on improving their thermal properties.
A summary of the thermogravimetry analysis (TG, DTG and 2DTG) data is 
presented in Table 4.2 representing the comparison of Td, Tmax, Tdf, weight loss at 
Tmax and char content at 400oC of acid hydrolysed CNWs, pure HEC and CNW-HEC 
blends.
Table 4.2: Summary of TGA data obtained for CNWs, HEC and CNW-HEC flexible 
films.
Sample codes 
used in this 
study
Major decomposition profile
Char at 
400oC
(%)
(from 
TGA 
curves)
Td
(oC)
(from 
2DTG 
curves)
Tmax
(oC)
(from 
DTG 
curves)
Tdf
(oC)
(from 
2DTG 
curves)
Weight loss 
at Tmax
(%)
(from TGA 
curves)
CNWs 226 261 293 34.7 26.7
HEC 248 313 336 46.7 27.1
CNW:HEC 
(50:50)
317 334 346 41.8 34.9
CNW:HEC 
(65:35)
339 349 359 49.9 34.7
CNW:HEC 
(75:25)
354 361 375 50.8 32.9
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4.4.4 Mechanical properties
The tensile strength and modulus properties of the CNW-HEC blended films 
compared to pure HEC film are shown in Figure 4.9. All the CNW-HEC blends 
displayed a statistically significant increase (P<0.05) in tensile strength and 
modulus when compared to the pure HEC film. For instance, 134%, 224% and 
294% increase in tensile strength and 956%, 1243% and 2004% increase in tensile 
modulus was observed for CNW:HEC(50:50), (65:35) and (75:25) blends, 
respectively, compared to pure HEC film (tensile strength ~12.23 MPa and 
modulus ~0.39 GPa).  A large increase was anticipated; since it has been reported 
in the literature that the tensile modulus of cotton based CNWs is around 57 GPa 
[54].
The experimental modulus obtained for the nanocomposite films was compared 
with the predicted upper (Ef=105 GPa for 3D orientation) and lower bounds (Ef=57 
GPa for 2D orientation) [54] modulus calculated using the ‘Rule of mixtures’ (Cox-
Krenchel) model (previously described in Section 3.4.4), as presented in Figure 
4.9b. The experimental values were observed to follow a similar increasing trend 
as the lower bound predicted line. However, the nanocomposite containing lower 
volume fraction CNWs revealed comparatively higher values which followed the 
upper bounds of the ‘Rule of mixtures’ prediction line, which could have been due 
to the less aggregated particles as well as the creation of percolation network 
among the CNWs within the nanocomposite films containing comparatively lower 
concentration of CNWs. 
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Figure 4.9: a) Tensile strength and modulus curves of HEC and CNW-HEC flexible 
films, and b) comparison between the experimental and predicted modulus 
calculated using the ‘Rule of mixtures’ (Cox-Krenchel) model.
The experimental results could be compared using the Percolation model, which 
predicts the tensile modulus of nanocomposites containing a percolating network 
of rigid fillers. The predicted tensile modulus, E’c can be expressed by:
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Where,  is the percolating volume fraction of nanofillers that participated in the 
load transfer, Xc is the critical filler percolation volume fraction (Xc= 0.7/A), A is the 
aspect ratio of the filler, Xr is the  volume fraction of the rigid fillers (assuming Xr≥ 
Xc), E’s and E’r are the tensile modulus of the soft polymer and rigid filler. The 
density of CNWs is taken to be 1.59 g cm -3 from the literature [176]. 
The following assumptions were considered: tensile modulus of the neat matrix, 
E’s = 0.39 GPa, tensile modulus of the filler, Poisson’s ratio for both matrix and 
filler, νs and νr =0.3, aspect ratio for the filler (A=5, 20 and 60) [123, 254], 
longitudinal filler modulus, E’Lf = 57 GPa (Lower value)- 105 GPa (Upper value) [54], 
transverse filler modulus, E’Tf = 18 GPa [255], shear modulus of filler, G’r = 0.250 
GPa [256].
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Figure 4.10: Tensile modulus of CNW-HEC composite films as a function of filler 
volume fraction. Comparisons between the experimental results and predicted 
modulus calculated using the Percolation and Halpin-Kardos model. 
However, a mean-field approach developed by the Halpin-Kardos model which 
predicts the modulus of the nanocomposites containing randomly oriented 
nanofillers in a plane can be expressed as follows (see Equation 4.4): [257]
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Where, G’r and G’s are the shear modulus of the rigid filler and soft matrix.
To predict the tensile moduli using the Percolation model different aspect ratios 
(A=5 and 20) and upper and lower values for the longitudinal tensile modulus (57-
105 GPa) [54] of the nanofiller were considered. The aspect ratio for the cotton 
based nanowhiskers was reported to be ~6 [123] and 19 [254]. For the upper 
value of longitudinal tensile modulus (105 GPa for a 3D orientation), the predicted 
tensile moduli (A=5 and 20) were seen to deviate from the experimental data with 
high volume fraction of the CNWs as compared to the predicted percolation 
tensile moduli calculated using lower longitudinal tensile modulus (i.e. 57 GPa for 
a 2D orientation). A similar deviation from the experimental modulus was also 
observed for the Halpin-Kardos predicted moduli (A=20). The experimental tensile 
moduli were found to be in between the predicted moduli calculated by the two 
models (A=20) described in this investigation which was attributed to the 
existence of aggregated CNWs (due to filler-filler interactions) randomly dispersed 
within the composite, as observed via fluorescence microscopy. However, E’c 
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estimated by the Halpin-Kardos model for the higher aspect ratio (A=60) was in 
good agreement with the experimental measurements, which indicated that the 
random dispersion of the CNW bundle due to the use of HEC as a binder for the 
higher volume fraction composites limited the actual aspect ratio of the nanofiller.
4.4.5 Thermomechanical properties
DMA was used to obtain the storage modulus of the nanocomposites as a function 
of temperature (Figure 4.12a). The incorporation of CNWs in the HEC matrix 
showed a significant increase in storage modulus properties of all the blends with 
increasing CNW content in all temperature regions that was considered. Earlier 
studies also showed the ability of nanowhiskers blended with polymer to improve 
the storage modulus of the matrix at higher temperatures [52]. This was explained 
by the high interfacial surface area, higher cross-linking density and surface 
induced crystallisation within the blends.
The tan delta curves (Figure 4.12b) showing the α, β and γ-transitions of the CNW-
HEC flexible films revealed that the tan delta peaks had shifted to a higher 
temperature region as compared to pure HEC film (131oC). These peaks were 
observed in the region of 130~140, 230~250 and 331~356oC, respectively. The α-
transition in tan delta peaks for the blends was suggested to be due to the 
unbound CNWs and β-transition was attributed to the loosely bound CNWs in the 
blends. The more intense tan delta peaks due to the γ-transition for all the blends 
were seen to shift to higher temperatures (from 331 to 356oC) with increasing 
CNW content, which indicated that the incorporated CNWs governed a significant 
Chapter 4 –High CNWs content composite films
96
reduction in the segmental motions of the HEC matrix in the blends through CNW-
HEC interactions [52].
Figure 4.11: a) Storage modulus curves of HEC and CNW-HEC flexible films from 
DMA data, and b) Tan delta curves of HEC and CNW-HEC flexible films from DMA 
data.
The width of the tan delta peaks in the blends also broadened with increasing 
CNW content, suggesting the higher temperature span required for the transition 
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[182] due to an increase in CNW-HEC interactions thereby reducing segmental 
freedom of movement. 
4.4.6 Crystallisation properties
XRD analysis of the CNWs, pure HEC and CNW-HEC flexible films are presented in 
Figure 4.13. From the diffraction pattern of CNWs the most intense peak was 
observed at 22.8o, with an additional double peak signal at 14.9o and 16.5o. 
Figure 4.12: X-ray Diffraction pattern of Hydroxyethyl cellulose and CNW-HEC flexible 
films.
The freeze dried CNWs were found to be ~89% crystalline, which was well 
consistent with other literature values [176, 258] and the XRD traces for the 
blends showed clear retention of the cellulose crystallites with increasing peak 
intensity at 2θ= 14.9 o, 16.5o and 22.8o.  The diffraction patterns for pure HEC film 
revealed a halo typical of amorphous materials at 2θ = 20o [240]  and 
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incorporation of CNWs in the HEC matrix caused an increase in the overall 
crystallinity (see Figure 4.14) beyond what was expected for the CNWs alone. 
Figure 4.13: Relationship between the crystallinity index (CI) and CNW content in the 
flexible films.
4.4.7 Swelling kinetics
The swelling capacity of CNW-HEC blends in PBS media at 37oC increased with 
swelling time as presented in Figure 4.15a, suggesting that the PBS fluid facilitated 
a decrease in the degree of physical cross-linking through weakening the 
hydrogen bonds in CNW-HEC and CNW-CNW interfaces. 
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Figure 4.14: a) Swelling kinetic curves of CNW-HEC flexible films in PBS media at 
37oC, and b) corresponding plots of t/Qt against t of the CNW-HEC flexible films.
The amount of CNWs in the blends also showed a significant influence on 
decreasing the swelling capacity of the blends. This was attributed to be due to 
the presence of a greater degree of CNW-CNW interaction, which decreased the 
hydrophilicity as well as swelling capacity of the blends by reducing the water 
holding capacity [239]. 
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Schott’s second order swelling kinetics model was introduced (Equation 4.5) [259]
to evaluate the theoretical swelling capacity, initial swelling rate and kinetic 
behaviour of the CNW-HEC blends [239].
)5.4........(........../1/1/ tQkQt ist 
Here, Qt (g g-1) denotes the swelling capacity of the CNW-HEC blends at time t (s), 
Q∞ (g g-1) is the theoretical equilibrium swelling capacity and Kis (g g-1s-1) is the 
initial swelling rate constant. The experimental swelling data of CNW-HEC blends 
in PBS media at 37oC was used to plot t/Qt against t (see Figure 4.15b) and the 
linear trend line obtained for these experimental values showed very good linear 
correlation coefficients (>0.998), which support the use of Schott’s second-order 
swelling kinetics model to describe the swelling kinetics behaviour of CNW-HEC 
blends in PBS media [239]. 
Figure 4.15: Relationship between the swelling rate constant and equilibrium 
swelling capacity with CNW content in PBS media at 37oC.
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However, using the slope and intercept of the linear lines, the swelling kinetic 
parameters (Q∞ and Kis) were calculated using the linear regression equation: Y= a 
+bX, (where, Y=t/Qt, a=1/Kis,b=1/Q∞ and X=t) and plotted against CNW content in 
the blend in Figure 4.16. The calculated theoretical swelling capacity and the initial 
swelling rate constant of the blends decreased with increasing CNWs also proved 
that the incorporation of CNWs in the blends played a significant influence on 
decreasing swelling rate of the CNW-HEC flexible films.
The CNW-HEC flexible films produced in this study showed that the incorporation 
of CNWs in a HEC matrix provide significant improvements in mechanical, thermal, 
thermomechanical, crystalline and swelling properties of the blends when 
compared to pure HEC. These modified capabilities may improve the number of 
potential applications for cellulose based composites in tissue engineering, drug 
coating and encapsulation materials.
4.5 CONCLUSIONS
Flexible films based on a range of blends incorporating CNWs and HEC were 
prepared in this study. CNWs within the matrix were seen to be aggregated and 
played an important role on the surface roughness and light transparency 
properties of the composite films. However, despite aggregation the CNWs still 
formed a percolated network and aggregates where homogeneously dispersed 
within the composite. The incorporation of CNWs in the HEC matrix provided a 
significant improvement in thermal properties by increasing the decomposition 
temperatures. Most significantly, the decomposition temperatures of the blends 
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were higher than either of the individual components. The enhanced tensile 
strength, modulus and storage modulus properties and the right shift of tan delta 
peaks of the blends compared to the HEC alone demonstrated the reinforcing 
effect of the CNWs. An increase in crystallinity of blends with CNW content 
indicated that the induced crystallisation within HEC was caused by the presence 
of CNWs, which acted as nucleating sites. Additionally, the presence of CNWs had 
a significant influence on controlling the swelling properties of CNW-HEC blends in 
PBS fluid at body temperature, which open up possible applications of this 
material within the biomedical field.
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CHAPTER 5.                                                                                 
MECHANICAL, CRYSTALLISATION AND MOISTURE ABSORPTION 
PROPERTIES OF MELT DRAWN POLYLACTIC ACID FIBRES
5.1 SUMMARY
In this chapter, polylactic acid (PLA) fibres were produced with average diameter 
ranging from 11 to 38 µm via a melt drawing process employing increasing take-
up velocities. The PLA fibres exhibited smooth surfaces and uniformity in diameter 
as determined by scanning electron (SEM) and optical microscopy (OM). Fourier 
transform infrared spectroscopic (FTIR) analysis using the dichroic ratio 
demonstrated alignment of PLA chains with the draw direction, where the thinner
PLA fibres exhibited a higher degree of chain orientation during the high speed 
melt drawing process. The crystallinity of the fibres also increased up to 34% with 
decreasing fibre diameter due to strain-induced crystallisation. The room 
temperature tensile strength and modulus of the thinner PLA fibres with an 
average diameter of 11 µm revealed values of 213 MPa and 4.8 GPa, respectively. 
These fibres revealed a significant decrease in their tensile strength (by 29%) 
when tested at 37oC compared to the room temperature value. Comparatively 
thicker PLA fibres did not show any significant change in their tensile properties at 
37oC. The variation in diameter of PLA fibres also revealed a noticeable influence 
in moisture absorption at various humidity levels. 
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5.2 INTRODUCTION
Polylactic acid (PLA) is widely used in the field of tissue engineering for biomedical 
applications such as for surgical sutures, implants, scaffolds, fracture fixation 
devices and sustained released polymer for drug delivery systems [166, 260-264]
due to its biocompatibility, biodegradability, superior transparency and suitable 
thermal and mechanical properties [265, 266]. PLA can be produced via ring 
opening polymerisation of the lactide monomer which can be derived from
renewable sources such as corn and potato starch [65]. As part of its appeal, 
thermoplastic PLA can be formed into various architectural forms including films 
[166, 267], plates [268], scaffolds [269, 270], fibres [75], screws [271] and rods 
[272]. It can also be processed via solvent casting or by melt compounding 
processes (such as hot compression, injection and extrusion moulding) [65, 265]
and  can be produced into fibrous structures via melt spinning and/or 
electrospinning with distinct fibre properties [74-77]. 
Melt spun PLLA fibres with a 394 µm diameter was investigated by Okuzaki et al. 
[84] . They reported that further drawing (DR=10.5) of the as-spun fibre at 90oC 
increased the crystallinity of the PLLA fibre by 30% when compared to undrawn 
fibres (crystallinity 7.4%). Tensile strength of the fibre increased from 16 MPa to 
275 MPa, whilst the modulus increased from 1.8 GPa to 9.1 GPa, which was due to 
the increased orientation factor of the polymer chains within the fibre as a direct 
result of drawing at 90oC.
PLA can be hydrolysed by water and as such, its degradation is accelerated in a 
moist environment and by the presence of water during its service life. The 
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moisture absorption capacity of the fibre depends on the nature of the PLA, such 
as hydrophilicity (ester groups), diffusion coefficient, thickness and the 
surrounding environment. In vitro degradation of PLLA fibres with varying 
diameter ranging from 113 to 148 µm in phosphate buffered saline (PBS) media at 
37oC was investigated by Yuan et al. [273]. They reported that the tensile moduli 
and ultimate strength of the fibres was not significantly altered during 35 weeks of 
degradation except for PLLA fibres with the smaller diameter of 113 µm. These 
smaller fibres exhibited a significant decrease in ultimate strength by 20% with 
respect to their initial value (500 MPa). The authors suggested that formation of 
micro cracks on the degraded fibre surface resulted in the decrease of their 
mechanical properties.
The PLA fibres investigated in the literature [81-84] were produced via a melt 
drawn process using an extruder to feed them onto the winder drum and the fibre 
properties were further improved using cold and/or hot draw processes [83, 84]. 
The PLA fibres investigated in this study were manufactured using a gravity 
induced melt drawing process employing various take up velocities up to 400 m 
min-1. The aim was to improve their crystallinity and chain orientation properties 
during the fibre production process with minimising the use of further cold 
drawing process. This would reduce required processing steps whilst still 
increasing mechanical properties. The morphology, chain orientation, thermal, 
crystallisation and moisture absorption properties of the PLA fibres produced at 
various take-up velocities were characterised. The effect of temperature (37oC) 
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and moisture absorption at various humidity levels on the mechanical properties 
of the PLA fibres were also investigated in this chapter.
5.3 MATERIALS AND METHODOLOGY
5.3.1 Manufacturing Process of PLA fibres 
PLA fibres were produced via a melt spinning process. PLA (NatureWorks LLC, 
IngeoTM Grade 3251D, average Mw~90,000-120,000 g mol-1, Density=1.24 g cm3) 
beads dried at 50oC for 48h were melted at 180oC in air using a cylindrical steel 
mould attached with a band heater and polymer was allowed to exit through a 
base hole (2 mm) under gravity. The molten polymer was collected on a rotating 
drum (with a 1m circumference using a collector distance of approximately 50 cm) 
utilising various take-up velocities (of 100, 200, 300 and 400 m min-1). The PLA 
fibres produced were coded as PLA 11, PLA 20, PLA 29 and PLA 38 with the 
number indicating the average fibre diameter in µm.
5.3.2 Scanning electron microscopic (SEM) analysis
The surface morphology of the PLA fibres was characterised using SEM (as 
described in section 3.3.4.1) operated at an accelerating voltage of 10 kV and a 
working distance of 10 mm. 
5.3.3 Optical microscopic (OM) analysis
Fibre diameters were measured using a calibrated optical microscope (20x 
magnifications) and Image Pro Plus software was used to measure the diameter of 
the ﬁbres in microns. The average fibre diameter is presented and the errors were 
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calculated from the measurement of at least 35 random fibres obtained utilising 
various take-up velocities.
5.3.4 FTIR-ATR analysis and chain orientation
Identification of the functional groups of the PLA fibres were analysed using FTIR 
(as previously mentioned in section 3.3.4.3) and the spectra were collected with a 
resolution of 4 cm-1 by averaging 32 scans using a standard pike ATR cell. To 
investigate the chain orientation of the PLA fibres with varying diameters via the 
dichroic ratio calculation, two different FTIR-ATR spectra for each type of PLA fibre 
were taken by placing the fibres in the machine both in the (parallel) and 
transverse (perpendicular) direction to the FTIR beam source as described 
elsewhere in the literature [83]. 
5.3.5 Differential scanning calorimetric (DSC) analysis
As described in section 3.3.4.7.
5.3.6 Mechanical properties
Single PLA fibres were glued onto a 25 mm gauge length paper tab and the tensile 
properties were measured at room temperature using a Hounsfield Series-S 
tensile testing machine (Software-QMAT) with a crosshead speed of 5 mm min-1
and a 1 kN load cell. An average of at least five repeat specimens for each type of 
fibre is reported. 
5.3.7 Tensile testing at varying temperatures
Tensile strength and modulus properties of PLA fibres at two different 
temperatures (25oC and 37oC) were conducted using a DMA (Q800 from TA 
Instruments, USA) employing a controlled force method in stress/strain mode. 
Chapter 5 –Characterisation of melt drawn PLA fibres
108
Single PLA fibres (using 10 mm gauge length paper tab) were conditioned at 
specified temperature for 10 minutes before ramping the force at a rate of 0.01N 
min-1 until break. A minimum of six repeat specimens were conducted to produce 
the reported average value.
5.3.8 Fibre conditioning and moisture absorption
PLA fibres (approximately 50 mm length) were conditioned at varying relative 
humidities (RH) of 0%, 35%, 75% and 98% at room temperature for four weeks 
and their moisture absorption properties were calculated by recording the weight 
gain of the fibres. A Bundle of PLA fibres (~1 gm) was placed in open glass vials
which were kept in a sealed humidity chamber (see Figure 5.1) containing the 
following saturated salt solutions (P2O5 (0% RH), CaCl2. 6H2O (35% RH), NaCl (75% 
RH), and CuSO4.5H2O (98% RH)) [50].
Figure 5.1: Typical arrangement for fibres conditioned at different humidity levels.
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The weight gain due to moisture absorption can also be expressed in terms of 
diffusivity (D) and maximum moisture content (Wm), as shown by the following 
equation [274].
ܹܹ
௠ = 1− 8ߨଶ ݁ݔ݌ඌ− ݀ܦଶඐߨଶඐ… … … … … . (5.1)
The water diffusivity in PLA fibres can be calculated by rearranging equation 5.1 as 
follows,
ܦ= ߨ ଶ݀16 ௠ܹଶ× ( ଶܹ− ଵܹ)ଶ൫√ݐଶ− √ݐଵ൯ଶ… … … … … . (5.2)
Where, d is the diameter of the fibre, Wm is average value of several consecutive 
measurements that showed no significant additional moisture absorption, i.e. the 
water uptake at equilibrium, and is the slope of the initial linear 
portion of the water absorption curve.
Tensile strength and modulus properties of the conditioned fibres were also 
measured to investigate the influence of moisture absorption on the mechanical 
properties of PLA fibres.
5.4 RESULTS AND DISCUSSION
5.4.1 Morphological properties
The surface morphology of the PLA ﬁbres was observed via SEM (presented in 
Figure 5.2) which revealed smooth surfaces with some fibres exhibiting tiny 
particles on their surface which were probably formed due to partial incomplete 
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melting of the polymer caused by the non-uniform melt-mixing during fibre 
production which is common for this type of drawing process [82].
Figure 5.2: Scanning electron microscopy images of PLA fibres:  a) PLA 11,
b) PLA 20, c) PLA 29, and d) PLA 38.
The diameter of the fibres obtained at various take-up velocities was measured 
using an optical microscope and an average diameter of at least 35 specimens is 
presented in Figure 5.3. The average fibre diameter was seen to decrease linearly 
from 38 µm to approximately 11 µm when the take-up velocity increased from 
100 m min-1 to 400 m min-1, due to drawing at higher speed [81]. 
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Figure 5.3: Relationship between the rotation speed and the obtained PLA fibre 
diameter.
5.4.2 FTIR analysis and chain orientation 
FTIR-ATR analysis is mainly utilised to identify functional groups and can also be 
used to determine chain orientation of the polymer molecules within the fibre. 
This process was used to investigate potential change of chain orientation with 
varying fibre diameter (see Figure 5.4a). From the FTIR-ATR spectra the C=O 
stretching groups of the PLA fibres were observed at 1751 cm-1, whilst the CH3 
asymmetry and CH deformation bands were apparent at 1461 and 1382 cm-1 [83, 
216]. The bands at 1178, 1132, 1080 and 862 cm−1 were attributed to COC 
asymmetric stretching, CH3 in-plane bending, COC symmetric and C-COO 
stretching of the PLA chain, respectively [83, 216]. Changes in chain orientation of 
the PLA fibres with varying diameters were investigated in terms of dichroic ratio 
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of the C=O band at 1751 cm-1 where the orientation factor was seen to be 
influenced by the drum wind-up speed as well as the drawing effect during melt 
drawing of the PLA fibres [83, 275, 276].
Figure 5.4: a) Typical arrangement of PLA fibre on the FTIR-ATR instrument to 
measure the spectra, and b) FTIR-ATR spectra of PLA fibres with varying diameters 
determined in the parallel (solid line) and transverse (break line) direction.
To calculate the dichroic ratio all the spectral intensities were normalised with the 
peak at 862cm-1 before considering the absorbance intensities of the carbonyl 
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group at 1751 cm-1 [277]. The dichroic ratio (D) of the PLA fibres was expressed 
using the following equation:
ܦ= ܣ௉்ܣ … … … … … … . . (5.3)
where, AP and AT are the absorbance intensities of the C=O stretching band 
detected at parallel and transverse directions to the incident FTIR beam source, 
respectively (see Figure 5.4a). Figure 5.4b showed that the thinner PLA 11 fibre 
exhibited higher transverse absorbance intensity (dotted line) compared to the 
parallel absorbance intensity (solid line) for the same fibre, the same profile was 
also observed for PLA 20 with almost similar profiles seen for PLA 29. However, for 
the thicker PLA 38 fibre, the parallel absorbance intensity was found to be higher. 
The higher spectral intensity of PLA 11 fibre at 1751 cm-1 (associated with the C=O 
stretching vibration) at the transverse direction suggested a higher degree of 
alignment of the PLA chain backbone compared to the parallel direction of the 
fibre as can be seen in Figure 5.5. 
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Figure 5.5: Representative structure of PLA fibres show the chain orientation (C=O 
stretching vibration at the transverse direction of the fibre) due to the change in 
fibre diameter during melt drawing process at various take-up velocities.
The calculated inverse dichroic ratio (1/D) of the C=O stretching vibration of the 
PLA fibres were seen to decrease with increasing fibre diameter (Figure 5.6). This 
suggested that the thicker PLA 38 fibres with lowest 1/D value exhibited less chain 
orientation along the transverse direction of fibre as seen by the representative 
drawing presented in Figure 5.4a, whilst the thinner PLA 11 fibre revealed the 
highest 1/D value indicated by the higher chain orientation which was probably 
induced during the melt-drawing process at the higher take-up velocity [83, 276]
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Figure 5.6: Relationship between the inverse dichroic ratio (1/D value) of the C=O 
stretching band at 1751 cm-1against PLA fibre diameter.
5.4.3 Thermal and crystallisation properties
Figure 5.7 presents the DSC thermograms of PLA fibres with varying diameters 
obtained via the melt-drawing process. 
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Figure 5.7: DSC thermogram of PLA fibres with varying diameters.
The glass transition (Tg) of the PLA fibres with varying diameters were observed to 
be in the range of 61 to 64oC, which correlated well with literature values [78, 79, 
81, 278].  However, a higher Tg was observed for PLA 11 fibre (P<0.05) compared 
to the larger diameter fibres, with only insignificant changes in Tg (P>0.05) 
observed for PLA 20, PLA 29 and PLA 38 fibres. In addition, the cold-crystallisation 
exothermic peak (Tcc) occurred immediately above the Tg for PLA 11 fibres at 80oC, 
which was approximately 30oC lower than that of the thicker PLA 38 fibre. This 
suggested a higher degree of chain orientation in the amorphous domains of the 
polymer due to smaller fibre diameters obtained during the drawing process [81]. 
The melting temperatures of all the PLA fibres investigated were seen to be in 
close proximity of each other (i.e. in the region of between 166 to 169oC).
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Figure 5.8: Relationship between the crystallinity and PLA fibre diameter.
The crystallinity of the PLA fibres was investigated from the thermograms and 
their relationship with varying fibre diameter is presented in Figure 5.8. An 
increase in the fibre diameter exhibited a significant decrease in the crystallinity 
index (P<0.05). The higher degree of crystallinity of PLA 11 (34% crystalline) when 
compared to PLA 38 (18% crystalline) also correlated well with the increasing 
chain orientation factor for the fibre with a lower diameter which was also in 
agreement with the dichroic ratio results discussed previously.
5.4.4 Mechanical properties
The stress–strain curves of the melt drawn PLA fibres as a function of fibre 
diameter are presented in Figure 5.9, where the inset Figure shows the strain 
region up to 5% strain and an increase in yield stress is seen with deceasing fibre 
diameter. 
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Figure 5.9: Typical stress-strain curves for single PLA fibres with varying diameters. 
The inset figure shows the initial stage (up to 5% strain) of the stress-strain curves.
It is also evident from the stress-strain curves that the PLA 11 and PLA 20 fibres 
revealed ductile characteristics with sufficient flexibility compared to the larger 
diameter fibres which expressed a more brittle failure mechanism. However, this
was unexpected, as the less oriented PLA fibres showed more brittle failure 
mechanism compared to highly orientated fibres. This could be due to the 
possibility of increasing number of defective chain created within the larger 
diameter fibres which promoted the immature failure during the tensile testing. 
The tensile properties of PLA fibres were seen to decrease with increasing fibre 
diameter as presented in Figure 5.10. The tensile strength and modulus properties 
for PLA 11 were 213 MPa and 4.8 GPa, respectively. However, comparatively 
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higher tensile strength properties have been reported in the literature for PLLA 
fibres. For example, the tensile strength and modulus of PLLA fibre with diameter 
ranges from 11 to 14 µm were reported to be 320 MPa and 5.5 GPa, respectively 
[81]. 
Figure 5.10: Tensile strength and modulus properties of the single PLA fibres with 
varying diameters.
PLLA is made of pure L-lactide which possesses a higher degree of crystallinity 
[265], which could explain the higher mechanical properties obtained for PLLA 
fibres compared to the PLA (Natureworks–3251D) polymer investigated in this 
study. As expected, PLA 11 fibre displayed a statistically significant increase 
(P<0.05) in tensile strength and modulus properties when compared to larger 
diameter PLA fibres (20 to 38 µm), since tensile properties are a function of 
crystallinity and molecular chain orientation of the matrix relative to the fibre axis 
[81]. To support this statement the tensile properties of the PLA fibres were 
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plotted as a function of crystallinity (see Figure 5.11) where a sharp increase in 
tensile strength and a steady rise in modulus properties with increasing 
crystallinity of the PLA fibres were observed. For instance, 34% crystallinity in PLA 
11 fibre exhibited around 419% and 55% increase in tensile strength and modulus 
properties compared to the thicker PLA 38 fibre (18% crystalline). Similar increase 
in mechanical properties of nanocomposites was also observed due to the 
increasing crystallinity of the films, where highly crystalline cellulose nanowhiskers 
(~89% crystallinity) acted as a crystal nucleating agent within the matrix, which 
was discussed in Section 3.4.7 (Chapter 3) and Section 4.4.6 (Chapter 4).
Figure 5.11: Relationship between the tensile properties and degree of crystallinity of 
PLA fibres (lines were used as a guide for the eye).
Figure 5.12 represents the elongation at break properties of the PLA fibres, where 
a significant reduction in elongation properties (P<0.05) was clearly observed 
upon increasing the fibre diameter when compared to the thinner PLA 11 fibre. 
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For example, PLA 11 fibre exhibited around 54% elongation while the larger 
diameter PLA 20, PLA 29 and PLA 38 fibres revealed approximately 37%, 3% and 
1% elongation at break properties. The higher elongation property in PLA 11 fibre  
was attributed to be due to the introduction of molecular chain orientation into 
the thinner PLA fibre during fibre processing as highlighted above, which caused a 
substantial increase in the ductility of these fibres [279, 280]. 
Figure 5.12: Elongation at break properties for the single PLA fibres with varying 
diameters.
Investigation into the variation of mechanical properties of the PLA fibres at body 
temperature (37oC) in comparison to room temperature (25oC) was also 
conducted, as these materials are mainly intended for use in the body as 
composites [86, 100, 281] and scaffolds [76, 270, 282]. Figure 5.13 shows the 
comparison of tensile properties of the PLA fibres at 25oC and 37oC. The values 
obtained revealed that the differences were not statistically significant (P>0.05) 
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for all diameter PLA fibres with the exception for the tensile strength property of 
PLA 11, where a significant decrease in tensile strength (29% reduction, P<0.05) 
was observed at 37oC. This was probably due to increasing chain mobility whilst 
approaching the flow deformation temperature of PLA (around 50oC) [84].
Figure 5.13: a) Tensile strength and b) tensile modulus properties of the single PLA 
fibres measured at 25oC and 37oC via DMA analysis.
5.4.5 Moisture absorption
The moisture absorption studies of the PLA fibres revealed an increasing trend 
when conditioned at increasing humidity levels (0, 35, 75 and 98% RH) for four 
weeks (as seen in Figure 5.14) [50]. During this period the PLA 38 fibres absorbed 
around 2.2 wt% moisture from the higher humidity atmosphere (98% RH). 
Pegoretti et al. [283] investigated the water uptake of PLLA fibre (diameter 72 and 
120 microns) and reported water uptake of around 2 wt% after 3 weeks 
immersion in Ringer lactate solution which is in well agreement with our result for 
the PLA 38 fibre.
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Figure 5.14: Moisture absorption of PLA fibres with varying diameters as a 
function of relative humidity
The thicker PLA 38 fibre showed a significant increase (P<0.05) in their moisture 
absorption capacity at 98% RH compared to the thinner PLA 11 fibre (1.7 wt% 
moisture uptake). This moisture absorption property of the PLA fibres at varying 
humidity atmospheres could be attributed to the crystalline nature of the fibres. It 
is evident from Figure 5.15 that an increase in crystallinity of the thinner diameter 
PLA fibres exhibited a lower amount of moisture absorption prevalent at high 
humid condition, which suggested that the crystallite increased the tortuosity of 
the water vapour transport path within the matrix [284] and restricts the swelling 
capability of the PLA polymer.
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Figure 5.15: Moisture absorption of fibres at alternate humid condition as a 
function of the crystallinity of PLA fibres.
Figure 5.16 shows the percentage moisture absorption of PLA fibres as a function 
of time (t½) at 98% relative humidity (RH). Rapid water uptake is observed for all 
the fibres within the first 7 days of condition, followed by saturation. 
Figure 5.16: Effect of PLA fibre diameters on moisture absorption at 98% RH.
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The water absorption of PLA fibres with varying diameters is related to the rate of 
diffusion. The diffusivity (D) of water into the fibre matrix exhibited an increasing 
trend with increasing fibre diameter (presented by black circles) as seen in Figure 
5.17. This was also suggested to be due to the crystalline properties of the PLA 
fibres as the higher crystallinity in the thinner diameter fibres could provide a 
higher barrier to diffusion which is also presented in Figure 5.17. Drieskens et al.
[284] investigated the effect of crystallinity of PLA on the gas and water vapour 
barrier properties and suggested that the vapour transport behaviour of a semi 
crystalline polymer were positively influenced by the presence of amorphous 
regions while the crystallite regions increased the tortuosity of the vapour 
transport path within the matrix.
Chapter 5 –Characterisation of melt drawn PLA fibres
126
Figure 5.17: The relationship between the diffusivity of moisture into PLA fibres 
after conditioning at 98% RH for four weeks with varying diameters and 
crystallinity.
The effect of moisture absorption on fibre mechanical properties is presented in 
Figure 5.18 where the thicker PLA 38 fibres did not reveal a significant change in 
their tensile properties after the conditioning period at increasing humidity. 
Similar to this, PLA 20 and PLA 29 fibres also exhibited an insignificant decrease in 
tensile strength (P>0.05) when conditioned at various RH levels. However, their 
tensile moduli did reveal a decrease by 17% and 12% (P<0.05) for PLA 20 and PLA 
29 fibres when compared the 0% RH conditioned fibres. 
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Figure 5.18: Tensile strength and modulus properties of PLA fibres after 
conditioning at varying relative humidity levels: a) PLA 11, b) PLA 20, c) PLA 29, 
and d) PLA 38 fibres
In addition, the moisture content in the thinner PLA fibres also induced a decrease 
in their mechanical properties. For instance, PLA 11 fibres showed a statistically 
significant decrease (P<0.05) in tensile strength and modulus of 15% and 24% 
when exposed to 98% RH compared to the fibres conditioned at 0% RH. This was 
attributed to the moisture effect on the thinner fibres due to their higher surface 
area to unit mass ratio [283]. In addition, water molecule penetrated the polymer 
could result plasticization and thus disrupted the some parts of crystal structure, 
where hydrogen bonds were not too strong and tight.
This study showed improvement of the thermal, crystallisation and mechanical 
properties of semi crystalline PLA fibres with average diameter ranges from 11 to 
Chapter 5 –Characterisation of melt drawn PLA fibres
128
38 microns obtained via a gravity induced melt drawing process at 180oC. 
Conferring control over the fibre properties can be very useful depending on their 
end application, for example, as in vivo scaffolds and for use within self-reinforced 
composite fabrications. 
5.5 CONCLUSIONS
PLA fibres with an average diameter ranging from 11 to 38 µm were successfully 
produced via the melt drawing process with varying take-up velocities. The higher 
drawing speed revealed a significant improvement on the chain orientation in the 
thinner PLA fibres which revealed a lower cold crystallisation temperature and a 
higher degree of crystallinity up to 34% resulting in higher tensile properties. The 
thinner PLA fibres, when tested at 37oC, showed a significant decrease in tensile 
strength compared to the room temperature values due to a reduction in 
crystallinity whilst approaching the flow deformation temperature of PLA. The 
moisture absorption of all the PLA fibres revealed a steady increase with 
increasing relative humidity. When comparing fibres with varying diameters, the 
thinner PLA fibres showed a gradual decrease in moisture absorption capacity at 
98% humid atmosphere due to increased crystallinity reducing the fibre swelling 
capability. The thicker PLA fibres did not exhibit any concomitant changes on their 
tensile properties during the four weeks conditioning period. However, the 
accumulated moisture within the thinner fibres showed a significant decrease in 
tensile properties when exposed to 98% RH after four weeks of conditioning. 
Though this study demonstrated the thinnest PLA fibres revealed a significant 
decrease in tensile properties when they were exposed to either body 
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temperature or at high humidity atmosphere, the mechanical properties obtained 
were higher than the unconditioned larger diameter PLA fibres. This could 
potentially enable the use of these PLA fibres within biomedical and tissue 
engineering applications.
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CHAPTER 6.                                                                                                
EFFECT OF CELLULOSE NANOWHISKERS ON SURFACE MORPHOLOGY 
AND MECHANICAL PROPERTIES OF MELT DRAWN POLYLACTIC ACID 
FIBRES
6.1 SUMMARY
Polylactic acid (PLA) fibres were produced with an average diameter of 11 (±0.9) 
µm by a melt-drawing process at 400 m min-1 rotation speed. The hydrophobic 
surface of the PLA fibres was coated with various blends of cotton-extracted 
cellulose nanowhiskers (CNWs) (65 to 95 wt%) and polyvinyl acetate (PVAc), 
where PVAc acted as a binder. Scanning electron microscopy (SEM) images
revealed that CNWs bound to the smooth surface of PLA fibres incorporated 
roughness, with the degree of roughness depending on the coating blend used. 
This was further confirmed by fluorescence labelling of the coated fibres at the 
surface. The mechanical properties from tensile testing of individual fibres 
revealed the surface coating of PLA fibres displayed a 4% and 45% increase 
respectively in tensile strength and modulus at room temperature, compared to 
the uncoated PLA fibres believed to be due to the formation of CNW-PVAc and 
CNW-CNW percolating films on PLA fibre surface. The moisture absorption 
properties of the coated and uncoated PLA fibres were further investigated at 
various relative humidities (0%, 35%, 75% and 98% relative humidity) and 
attachment of CNWs on PLA fibre surface utilising PVAc showed a significant 
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influence to increase their moisture absorption properties at higher humidity 
conditions.
6.2 INTRODUCTION
The transformation of PLA into mono and multifilament can be achieved by melt,
dry, wet, dry-jet-wet and electrospinning processes, each resulting in distinct fibre 
properties [74, 75, 79, 285-293]. Melt spinning provides some advantages over 
wet spinning techniques as it is a solvent-free process and thus more eco-friendly.
The surface of PLA possesses too poor a hydrophilicity to support appropriate cell 
adhesion, resulting in inadequate biological activity [294, 295]. In order to 
improve PLA for tissue engineering and biomedical applications, its surface 
morphology needs modification and as a result PLA has been functionalised via 
graft or copolymerisation with other biopolymers [296], chemical treatment [297], 
plasma treatment [71], and adsorption [298] of suitable biocompatible materials, 
including chitosan [26], biotin [299], collagen [297, 300], gelatine [297, 301], and 
alginate [29]. 
Cellulose in the form of nanowhiskers has been extensively used with different 
types of biopolymers, such as, PLA [52, 63, 132, 166, 172, 199, 200, 222], PCL [19, 
202, 242], PVA [244-246] and PVAc [50] due to its biodegradability [11, 12, 186], 
biocompatibility in composites [188] and superior mechanical properties (tensile 
modulus~ 105 GPa for cotton based nanocellulose) [54]. Incorporation of CNWs in 
PLA matrices to form composites has already shown significant improvement of 
their thermal and mechanical properties. John et al. [302] investigated PLA based 
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nanocomposite fibres (with diameters ranging 90-95 µm) incorporating CNWs 
produced via a melt spinning process using a twin screw extruder. They reported 
an increase in the surface roughness properties for fibres containing CNWs; 
however, no significant change in their mechanical properties was reported. The 
influence of CNWs on the thermal behaviour for electrospun PLA fibres (average 
diameter~ 300 nm) was investigated by Liu et al. [77], who showed that the CNWs 
reportedly acted as a heterogenous nucleating site to reduce the cold 
crystallisation onset temperature from 69oC to 65oC in nanocomposites containing 
2.5 wt% CNWs when compared to the unfilled PLA nanofibre. They also suggested 
that the nanocomposite fibre investigated would improve the mechanical 
properties compared to the PLA fibre, however no mechanical test data were 
reported.
The PLA fibres investigated in this chapter were manufactured using a melt drawn 
process and CNWs were obtained from cotton via an acid hydrolysis process. The 
aim of this study was to improve the surface of hydrophobic PLA fibres via coating 
with varying blends of CNWs and PVAc in order to create a roughened and more 
hydrophilic surface. The morphological, thermal, mechanical and moisture 
absorption (at various humidity levels) properties of CNW/PVAc coated PLA fibres 
are reported in this chapter.
6.3 MATERIALS AND METHODOLOGY
6.3.1 PLA fibres drawing
As described in Section 5.3.1.
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6.3.2 Preparation of CNWs
As described in Section 3.3.2.
6.3.3 PLA fibre coating
The coating materials were produced by blending different ratio of CNWs and 
polyvinyl acetate (PVAc) (formulation composition in Table 6.1) maintaining 2 
w/v% suspension in deionised (DI) water. 
Table 6.1: Formulations of coating materials prepared using CNWs and PVAc for 
PLA fibres.
Sample codes used in 
this study
Coating materials
CNWs
(wt%)
PVAc
(wt%)
PLA - -
PLA PVAc - 100
PLA CNWs-65 65 35
PLA CNWs-75 75 25
PLA CNWs-85 85 15
PLA CNWs-95 95 5
PVAc was obtained as Kollicoat SR, a 30% dispersion of PVAc stabilised with 
polyvinylpyrrolidone and sodium lauryl sulphate, density 1.04 g cm-3. The PLA 
fibres were coated using a syringe needle containing the coating suspension and 
running the syringe tip over the fibre 5 times followed by drying of the coated 
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fibres in an oven at 37oC for 24h to ensure deposition of materials on the surface 
of the fibre.
6.3.4 Characterisation
6.3.4.1 Electron microscopic analysis
The surface morphology of the coated and uncoated PLA fibres were 
characterised using SEM and the shape of the CNWs were examined using TEM 
according to the procedure mentioned previously in Section 3.3.4.1.
6.3.4.2 Fluorescence microscopic analysis
Coated and uncoated PLA fibres were fluorescently labelled with rhodamine B 
(Sigma Aldrich, UK) using a syringe needle. Drops of this aqueous dye solution 
(125 mg in 50 mL distilled water) were applied to the fibres 3 times and allowed to 
dry at room temperature. A fluorescence microscope (Leica DMLB) was employed 
to image the surface of the rhodamine B labelled fibres (as described in Section 
4.3.4.2).
6.3.4.3 Optical microscopic analysis
Fibre diameters were measured using a calibrated optical microscope (as 
mentioned previously in Section 5.3.3) and an average fibre diameter was 
calculated from the measurement of at least 35 random fibres.
6.3.4.4 Surface roughness determination
PVAc and CNWs-PVAc blends were coated on the solvent cast (Chloroform) PLA 
films (Thickness around 0.3 mm) and their surface roughness was analysed 
according to the procedure mentioned previously in Section 4.3.4.3. The average 
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roughness (Ra) was determined by measuring at 35 different positions of the 
films. 
6.3.4.5 FTIR-ATR analysis 
As described in Section 3.4.3.
6.3.4.6 Differential scanning calorimetric (DSC) analysis
As described in Section 3.3.4.7. At least three tests were carried out for each 
material to ensure repeatability. 
6.3.4.7 Tensile tests
As described in Section 5.3.7. A minimum of six repeat tests were conducted.
6.3.4.8 Fibre conditioning and moisture absorption
As described in Section 5.3.8.
6.4 RESULTS AND DISCUSSION
In this study PVAC/CNW blends with varying amounts of CNWs were used to coat 
the hydrophobic surface of PLA fibres. The nano-scale dimensions, hydrophilic 
nature and high mechanical properties of CNWs could potentially be used to 
improve the surface characteristics, as well as mechanical and moisture 
absorption properties of hydrophobic polymers through a simple post-drawing 
coating step as is common in reinforcing fibre manufacturing. For example, use of 
CNWs could create a rougher and more hydrophilic surface when compared to 
non-coated PLA fibres which could help to promote adequate cell attachment for 
tissue engineering applications and provide mechanical interlocking when used as 
reinforcement in composite materials.
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6.4.1 Morphological properties
The surface topography of PLA fibres produced via a melt drawn process (at 
180oC, 400 m min-1 rotation speed and 1m diameter drum roll) exhibited smooth 
surfaces with fairly uniform diameters as seen in Figure 6.1a. The TEM image of 
the CNWs produced (presented in Figure 6.1b) revealed the expected rod-like 
particles [303]. 
Figure 6.1: a) Scanning electron microscopy image of PLA fibres obtained at 400 m 
min-1, b) TEM image of cellulose nanowhiskers (CNWs), and c) schematic of the 
coating procedure employed on the PLA fibre surface.
Figure 6.1c represents a schematic of the coating method employed to apply the 
coating materials (with varying ratio of CNWs and PVAc) onto the surface of the 
PLA fibres using a syringe needle containing the coating suspensions. 
The morphology of PVAc and CNWs-PVAc coated PLA fibres (seen in Figure 6.2) 
showed that the deposition process resulted in a textured surface on the fibres 
compared to a smooth surface for the uncoated PLA fibres. Furthermore, the 
increased roughness was observed for the nanowhisker coated PLA fibres with a 
relatively uniform distribution for PLA CNW-65, PLA CNW-75 and PLA CNW-85. 
The PLA CNW-95 fibres (Figure 6.2f) revealed uneven attachment of CNWs on the 
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fibre surface believed to be due to the insufficient amount of PVAc binder present 
in the coating materials to provide a homogeneous coverage, leading to CNW 
clustering. The control coating using only PVAc showed that good spreading of the 
PLA fibre surface can be achieved during application as it formed a uniform 
coating (Figure 6.2b).
Figure 6.2: SEM images of a) non coated, b) PLA PVAc, c) PLA CNW-65, d) PLA 
CNW-75, e) PLA CNW-85, and f) PLA CNW-95 fibres.
The surface morphology of the coated and uncoated PLA fibres was further 
characterised via fluorescence microscopy using rhodamine B to label the fibre 
surfaces. Similar to the SEM images, a relatively smooth surface could be seen for 
the fluorescently labelled PLA fibres (Figure 6.3a), though the fluorescence 
intensity of the image was quite low compared to that for the coated fibres 
(better adsorption of rhodamine to PVAc and the PVAc/CNW blend than to PLA). 
The homogeneous coverage of the PVAc coating on the PLA fibre surface was also 
observed as can be seen in Figure 6.3b, which also indicates good binding 
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between the fluorescent rhodamine B probe and the PVAc coating. Figure 6.3c-f 
revealed that the CNW-PVAc coated fibres had a much rougher surface 
morphology with reduced homogeneity of the coating observed with increasing 
CNW content (observed via the darker areas) on the fibres which could be due to 
reduced wetting of the PLA fibre surface by blends with increasing CNW content. 
Increasing viscosity of the PVAc/CNW compared to pure PVAc and formation of 
inter-CNW hydrogen bonds resulting in percolated networks may well be the 
reason of this reduced spreading, thus leading to clusters and increased surface 
roughness. 
Figure 6.3: Fluorescence images of rhodamine B labelled a) non coated, b) PLA 
PVAc, c) PLA CNW-65, d) PLA CNW-75, e) PLA CNW-85, and f) PLA CNW-95 fibres.
The diameters of the coated and uncoated PLA fibres were measured via optical 
microscopy and an average diameter of 11 (±0.9) µm was obtained for PLA fibres 
(measured from at least 35 fibres, see Figure 6.4) produced in this study by melt 
drawing using a high speed drum [81]. The deposition of the coating materials on 
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the fibre surfaces resulted no significant change in average diameter compared to 
non-coated PLA fibres (P>0.05). PLA CNWs-95 revealed an average diameter 
around 11.4 µm, which suggested that very little coating was retained onto the 
fibre surface. The low amount of PVAc thus appears to restrict the amount of 
CNWs that can be anchored to the PLA surface. 
Figure 6.4: Average diameter for coated and uncoated PLA fibres measured using 
optical microscope.
6.4.2 Surface roughness
The average surface roughness (Ra) of the PLA, PLA PVAc and various ratios of 
CNWs-PVAc coated films are presented in Figure 6.5. The surface roughness 
imparted onto film produced were found to be consistent with the results 
obtained via SEM and fluorescence images of the single fibres, where the rod-like 
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nanowhiskers created increased roughness (Ra=3.0 µm and 2.8 µm for PLA CNWs-
75 and PLA CNWs-85, respectively) compared to the non-coated PLA control 
(Ra=0.22 µm) and PVAc coated PLA films (Ra=0.19 µm). 
Figure 6.5: Surface roughness of PLA films coated with PVAc and CNWs-PVAc
blends.
The greatest increase in surface roughness is observed for coating material 
containing 75 and 85 wt% CNWs. A similar surface roughness of approximately 3.0 
µm was recently reported for high CNW content composites (75 wt% in a 
hydroxyethyl cellulose matrix) [303]. The roughness imparted on the surface of 
CNW-PVAc coated PLA may help to improve cell adhesion properties for tissue 
engineering applications; Khan et al. [304] investigated the influence of surface 
roughness via chemical etching on silicon based biomaterials and showed that 
roughness promoted cell adhesion and longevity. Similar improved cell adhesion, 
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growth and proliferation properties were also reported by Keshel et al. [305], 
where roughness had been created via plasma treatment on polyurethane films.
6.4.3 FTIR analysis 
The deposition layer formed on the fibre surface was attributed to CNW-PVAc and 
CNW-CNW percolating interactions, where PVAc acts as a binding agent helping to 
attach the CNWs onto the surface of the fibres during the drying process. The 
functional groups of the PVAc and various ratios of CNW-PVAc coated and un-
coated PLA fibres were identified using FTIR-ATR spectroscopy, as can be seen in 
Figure 6.6. The C=O groups of the non-coated and CNWs coated PLA fibres were 
observed at 1753 cm-1, whilst the C=O of the acetate group present in the PVAc 
coated fibres had shifted to 1749 cm-1. This was suggested to be due to the 
presence of the acetate group of the PVAc as it has been reported that the 
vibrational frequency for C=O of the acetate group of pure PVAc were observed at 
1740 cm-1 [306]. For the PLA fibre, the bands at 1456 and 1375 cm-1 were 
attributed to CH3 asymmetric stretching and CH3 symmetric deformation, 
respectively. The bands at 1186, 1085 and 873 cm-1 indicated the –C-O-C 
asymmetric, symmetric and C-(C=O)O stretching, respectively for PLA. The bands 
attributed to C-H stretching and C–O vibrations of the acetate group of PVAc have 
a stretching mode at 1682 and 1234 cm−1, respectively, however, these bands 
were not visible in the pure and CNWs coated PLA fibres. Moreover, the bands at
3373 and 3334 cm−1 observed for CNWs coated fibres were related to O-H 
stretching of pure CNWs [166, 252], which suggested the attachment of the 
cellulose nanowhiskers onto the PLA fibre surface.
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Figure 6.6: FTIR-ATR spectrum for uncoated PLA and PVAc and CNWs-PVAc coated 
PLA fibres.
In addition the amount of coating substances on the PLA fibres were further 
analysed using the absorbance peak intensity of C=O group (at 1753 cm-1) for the 
PLA and that of H-O-H group (at 3373 cm-1) for the CNWs. It can be seen from the 
Figure 6.7 that the ratio of the peaks intensities increasing with the CNWs 
contents upto 85 wt%, which indicated that increasing amount of the CNWs 
attached on the fibre surface and further increase in CNWs reflects decreasing 
trend suggested the insufficient amount of coating substances on the fibre 
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surface. This is also well agreement with the change in fibre diameter and surface 
roughness results obtained for different amount of CNWs used in the coating 
blends. 
Figure 6.7: FTIR-ATR absorbance intensity ratio of the C=O (of PLA) and H-O-H (of 
CNWs) of the CNWs-PVAc coated PLA fibres.
6.4.4 Thermal properties
Figure 6.8 represents the DSC thermograms for the coated and uncoated PLA 
fibres. The Tg value at 63.6oC for the non-coated PLA fibres is in agreement with 
the literature values [78, 79, 81, 278] whereas attachment of PVAc onto the PLA 
surface resulted in a slight decrease of Tg to 62.6oC (P>0.05). On the other hand, 
when embedding CNWs in the coating, a significant change in the Tg values to the 
slightly higher values (around 65.3oC and P<0.05) were observed for PLA CNWs-
75, PLA CNWs-85 and PLA CNWs-95. We believe this effect to be due to restriction 
of the polymer chain mobility along the interface caused by the hydrogen bonding 
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created between PLA fibre surface and the PVAC/CNW coating during the drying 
process similarly to findings by Keddie et al. [307] who reported a slight increase 
in the Tg of polymethyl methacrylate (PMMA) thin films covered with silicon oxide 
compared to the control PMMA thin film.  
Figure 6.8: DSC thermogram of uncoated and PVAc and CNWs-PVAc coated PLA 
fibres.
The increase was only seen for coatings containing a high amount of CNWs as PLA 
CNWs-65 fibres revealed the glass transition temperature at around 62.8oC, close 
to that of the PLA PVAc fibres.  It does seem that the increase in Tg can be 
attributed to effects induced by the CNWs. The melting temperature (Tm) of all the 
coated and non-coated PLA fibres occurred at around 167oC. The cold 
crystallisation temperature (Tcc) of PVAc coated PLA fibres were noted to be at 
75oC, approximately 5oC lower than that of the pure PLA fibre. However, Tcc for all 
the CNWs-PVAc coated PLA fibres were observed in the region of 78 to 80oC, 
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similar to pure PLA fibres, further indicating interactions of CNWs with PLA as the 
CNWs appear to offset the negative effect of PVAc on Tcc.
6.4.5 Mechanical properties
The tensile properties of PLA fibres (presented in Figure 6.9) coated with PVAc and 
CNWs-PVAc were characterised in tensile mode at 25oC. The tensile strength and 
modulus of the non-coated PLA fibres were 207 MPa and 4.9 GPa, respectively. 
While comparatively higher tensile properties have also been reported in the 
literature for PLLA fibres, for instance, the tensile strength and modulus of PLLA 
fibre with diameter ranges from 11 to 14 µm were reported to be around 320 
MPa and 5.5 GPa, respectively, [81] this was due to the higher L-lactide content in 
PLLA as compared to the PLA (Natureworks–3251D) polymer investigated in this 
study. 
Attachment of all the coating substances onto PLA fibres revealed a small change 
in tensile strength (P>0.05) compared to the non-coated PLA fibres tested at room 
temperature. For instance, PLA PVAc, PLA CNW-65 and PLA CNW-75 fibres 
revealed a 9%, 7% and 0.5% decrease and the PLA CNWs-85 and PLA CNW-95 
fibres exhibited 4% and 0.5% increase in tensile strength compared to uncoated 
PLA fibres (tensile strength 207 MPa). 
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Figure 6.9: Tensile strength and modulus properties for the single PLA fibres
coated with PVAc and CNWs-PVAc.
However, a significant improvement in the tensile modulus (P<0.0001) for PLA 
CNWs-65, PLA CNWs-75 and PLA CNWs-85 fibres (33%, 43% and 45% increase, 
respectively) was observed when compared to the non-coated PLA fibres (tensile 
modulus 4.9 GPa), suggesting a tangible influence from the nanowhiskers (tensile 
modulus=105 GPa) [54] deposited on the fibre surface. This influence of the 
deposition layer formed on the fibre surface has been attributed to the CNW-
PVAc as well as the CNW-CNW percolating interactions, where PVAc strongly 
attached the CNWs to the surface of the fibres during the drying process as can be 
seen in Figure 6.10. A similar percolation network for high cellulose nanowhisker 
(75 wt%) content thin film composites was also suggested when their tensile 
modulus increased to 8 GPa from 0.39GPa [303]. In addition, PLA CNW-95 also 
Chapter 6 –Surface modification of PLA fibre using CNWs
147
exhibited a 12% increase (however, P>0.05) in tensile modulus compared to the 
uncoated PLA fibres.
Figure 6.10: a) Deposition pattern of CNWs-PVAc on the surface of PLA fibres, and 
b) cross sectional view of the deposits.
The experimental modulus of the coated fibres could be compared using a simple 
two parallel system core-shell model, which predicts the tensile modulus of the 
coated PLA fibres. The predicted tensile modulus (E’) can be expressed by:
)1.6........().........()(' 21 MyMxE 
Where, x and y are the volume fraction of PLA (core) and coated materials (shell) 
and M1 and M2 are their corresponding tensile modulus, respectively. However, 
tensile modulus of the CNWs-PVAc blends with various CNWs contents used were 
calculated using Halpin-Kardos model to predict the modulus of nanocomposites 
containing randomly oriented nanofillers in a plane which was explained 
somewhere else [303]. The density of the PLA and PVAc were taken to be 1.24 and 
1.04 g cm-3 from the supplier data sheet and CNWs was considered to be 1.59 g 
cm-3 from the literature [176]. The average tensile modulus of the PVAc was 
considered to be 2.4 (±0.2) GPa which was measured experimentally using PVAc 
films (~0.2 mm thickness) produced via a solvent casting method after dispersing 
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in deionised water. The aspect ratio of 20 (average length 200 nm and diameter 
10 nm) [303] and tensile modulus of 57 GPa [54] of cotton based CNWs were also 
used to calculate the predicted modulus of the CNWs-PVAc coated PLA fibres. The 
experimental modulus of the PLA fibres coated with various CNWs-PVAc blends 
were seen to follow the same trend of the predicted modulus (please see Figure 
6.11). 
Figure 6.11: Comparison of experimental modulus and predicted modulus using 
two parallel system core-shell model of the coated PLA fibres.
However, the experimental modulus of the PLA PVAc and PLA CNW-65 fibres 
found higher compared to predicted modulus. This could be suggested to be due 
the volume fraction of the PVAc binder alone was not sufficient to reduce the 
modulus of the PLA PVAc fibres.
Chapter 6 –Surface modification of PLA fibre using CNWs
149
The properties for elongation at break for the coated and uncoated fibres are 
shown in Figure 6.12.
Figure 6.12: Properties for elongation at break for single PLA fibres only and coated 
with PVAc and CNWs-PVAc.
The attachment of PVAc on the PLA fibre surface exhibited a decrease (P<0.05) in 
elongation properties from 78% to 62% compared to the non-coated fibres, which 
was suggested to be due to the formation of a thin rigid layer of PVAc onto the 
PLA fibre surface. On the other hand, the CNWs-PVAc coated PLA fibres revealed 
their elongation at break properties increasing from 71% to 78% with the CNW 
contents in the coating materials indicating that CNW inclusion in the coating 
appears to restore the elongation at break of the coated fibres to the values for 
uncoated fibres with the exception for PLA CNWs-65 fibres which showed the 
value around 63%, closed to that of PLA PVAc fibres. The similar discrepancy was 
also observed for this composition of coated fibres in measuring the Tg values 
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using DSC compared to the others containing higher amount of CNWs and found 
the value close to that for the PVAc coated fibres, which could be due the 
presence of 65 wt% CNWs in the coating blend is not sufficient to alter neither the 
fibres elongation properties nor the glass transition temperature significantly 
compared to that of the PLA PVAc fibres.
6.4.6 Moisture absorption
The coated and uncoated PLA fibres were conditioned at various humidity levels 
(0, 35, 75 and 98% RH) using saturated salt solutions for two weeks to investigate 
their moisture absorption. The moisture absorption of the conditioned coated and 
uncoated PLA fibres revealed an increasing trend with increase in relative 
humidity, as seen in Figure in 6.13. PLA CNWs-75 fibres exhibited higher moisture 
absorption at 98% RH (6.0 wt%) compared to the PVAc coated (4.2 wt%) and pure 
PLA fibres (2 wt%). However, lower amount of moisture uptake (only 2.7 wt% at 
98% RH) for PLA CNWs-95 fibres was again suggested to be due to presence of 
insufficient amount of PVAc binder as well as CNWs on the fibre surface which 
was also related to the increase in fibre diameter which didn’t really occur for this 
composition of coating blend. Comparatively higher quantity of water 
accumulation was expected in the case of PLA CNWs-65, PLA CNWs-75 and PLA 
CNWs-85 fibres due to the hydrophilic nature of the CNWs. This has previously 
been shown by Garcia de Rodriguez et al. [50] who compared the water take-up of 
CNW-PVAc composite at different RH.
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Figure 6.13: Moisture uptake of PVAc and CNWs-PVAc coated and uncoated PLA 
fibres as a function of relative humidity.
The accumulation of water at the CNW surface was later shown by Capadona et 
al. [250] to reduce the reinforcing effect of the CNW percolated network by 
disrupting hydrogen bonding. In the water take-up studies of Garcia de Rodriguez
et al. [50], they reported around 12 wt% water accumulation at 98% RH for PVAc-
sisal whisker nanocomposites containing 2.5 wt% whisker content. An increase in 
the hydrophilic nature of CNW-PVAc coated PLA fibre could help to provide better 
cell attachment in cell culture media as suggested by Oh et al. [308] while
investigating the in vitro cell compatibility of hydrophobic poly(lactic-coglycolic 
acid) (PLGA) against a hydrophilic PLGA/ PVA blend using human chondrocytes. It 
was reported that the PLGA/PVA blend was easily wetted in culture medium 
without the requirement of pre-wetting treatments and had better cell adhesion 
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and growth than the control hydrophobic PLGA. Apart from potential advantages 
associated with improvement in cell adhesion properties for the CNW-PVAc
coated PLA fibre, the accumulated water content could also influence the 
degradation rate of the fibre. Kim et al. [76] suggested the improved 
hydrophilicity in the PLA/PLGA electrospun nanofibres enhanced their 
degradation rate to 65% weight loss in 7 weeks compared to hydrophobic PLA
(which only revealed an approximate ~10% weight loss).
6.5 CONCLUSIONS
CNWs were successfully attached to the hydrophobic surface of melt drawn PLA 
fibres using PVAc as a binding agent. Addition of CNWs into the coating blend 
played an important role in increasing the surface roughness of PLA fibres. The 
attachment of CNWs-PVAc blend with 75 to 95 wt% CNWs content on the fibre 
surfaces revealed significant changes in their glass transition temperatures. 
However, no significant changes in their melting temperature and tensile strength 
properties were observed due to the coating substances applied on the fibres 
surfaces. Moreover, upto 45% increase in tensile modulus properties was 
obtained for the PLA fibres coated with CNWs-PVAc blend containing 85 wt% 
CNW, respectively demonstrated the influence of CNW-CNW and CNW-PVAc 
interactions onto the surface of PLA fibres. Additionally, the presence of CNWs-
PVAc blend had a significant effect in increasing the moisture absorption 
properties by up to 6.0 wt% at 98% relative humidity, showing increased 
hydrophilicity of the coated PLA fibres when compared to the hydrophobic non-
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coated PLA fibre. It was also suggested that the roughness and hydrophilic surface 
created on the PLA fibres via CNW-PVAc coating materials could impart better cell 
adhesion and proliferation properties and increase degradation properties. 
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CHAPTER 7.                                                                                                          
ROLE OF CELLULOSE NANOWHISKERS ON THE FLEXURAL PROPERTIES 
OF SELF-REINFORCED POLYLACTIC ACID (SR PLA) COMPOSITES
7.1 SUMMARY
Self-reinforced polylactic acid (SR PLA) composites incorporating cellulose 
nanowhiskers (CNWs) were produced by coating orientated PLA fibres with a 
polyvinyl acetate (PVAc)-CNW mixture as a binder prior to hot compaction at 
95oC.  PLA fibres were produced with an average diameter of 11 (± 0.9) µm via a 
melt-drawing (at 180oC) process. Scanning electron microscopy (SEM) images 
revealed that the CNWs imparted roughness to the PLA fibre surface. Cross-
sectional examination of the SR PLA composites after hot-pressing confirmed that 
the PLA fibres had maintained their morphology. Incorporation of 8 wt% CNWs 
within the SR-PLA composites revealed an increase in their flexural strength (48%) 
and modulus (39%) compared to the control composite (flexural strength~82 MPa 
and modulus~3.9 GPa). In addition, whilst the control SR-PLA composite revealed 
quite brittle characteristics, the addition of CNWs and PVAc showed a more 
ductile behaviour. 
7.2 INTRODUCTION
For self-reinforced PLA composite processing, use of highly crystalline PLA 
filaments also showed significantly improved interfacial bonding due to the similar 
chemical structure of both matrix and reinforcing elements [309]. For example, Li 
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and Yao [310] produced 0.5 mm thick single PLA composites using amorphous PLA 
sheets (5% crystallinity) and crystalline PLA yarn (40% crystallinity) via a 
compression moulding process at 140oC and reported that the self-reinforced PLA 
composite containing 25 wt% unidirectional PLA yarns (consisting of 135 
continuous fibres with average diameter of around 20 µm) had improved the 
tensile strength by 31% and modulus by 48% compared to the control PLA sheet 
(tensile strength~ 44.8 MPa and modulus~ 2.5 GPa). The flexural properties of a 
3.2 mm thick self-reinforced PLLA composite produced via a hot compaction 
process at 95oC were investigated by Wright-Charlesworth et al. [100] and 
reported that SR-PLLA had higher initial flexural properties (strength~ 139.2 MPa 
and modulus~ 5.4 GPa) as compared to non-reinforced PLLA (strength~ 110.8 MPa 
and modulus~ 3.9 GPa).
Although SRCs have shown higher strength and modulus compared to the non-
reinforced polymer, recent studies have also focused on the enhancement of the 
material properties through modification of the processing techniques [311] as 
well as through the incorporation of fillers [281, 312, 313]. For instance, Foster et 
al. [314] investigated the incorporation of carbon nanofibres (CNF) into hot 
compacted polypropylene (PP) woven tapes  and also addition of other nano and 
micro-sized fillers, such as talc, nanoclay, fly ash and carbon black [313]. It was 
reported that all of the fillers improved the interlayer adhesion properties 
compared to the pure PP tape/film which was confirmed via SEM images and peel 
testing. Natural polymers such as chitosan [26], alginate [29] and cellulose [166, 
172] both in nano and microfibre form have also been investigated to 
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functionalise PLA for use in tissue engineering and biomedical applications. More 
recently, cellulose nanowhiskers (CNWs) have been utilised in nanocomposites  
processing due to their biodegradability [11, 12, 186], biocompatibility [188, 315]
and superior mechanical properties (tensile modulus ~105 GPa for cotton based 
nanocellulose) [54].
In this study, PLA fibre mats were prepared using melt-spun PLA fibres coated 
with a blend of CNWs/PVAc. The attachment of nanowhiskers onto the fibre mats 
was examined via scanning electron microscopy (SEM) and confirmed via Fourier 
transform infrared (FTIR) spectroscopy. The self-reinforced composites
investigated in this study were produced via a hot compression process by 
laminate stacking the PLA fibre mats and the effect of CNWs and PVAc on the 
structural and mechanical properties of the composites are reported in this 
chapter.
7.3 MATERIALS AND METHODOLOGY
7.3.1 PLA fibre drawing
As described in Section 5.3.1.
7.3.2 Preparation of cellulose nanowhiskers (CNWs) 
As described in Section 3.3.2.
7.3.3 Manufacture of PLA fibre mats 
CNWs suspension (2 w/v% in deionised water) were blended with poly 
vinylacetate (PVAc) which was obtained as Kollicoat SR, a 30% dispersion of PVAc 
stabilised with polyvinylpyrrolidone and sodium laurile sulphate. Aligned PLA fibre 
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mats were produced by gently brushing the coating blends (see Table 7.1) onto 10 
layers of PLA fibres collected on the drum. 
Table 7.1: Formulations of coating materials prepared using CNWs and PVAc for 
PLA fibre mats.
Sample codes 
used in this study
Coating materials
CNWs
(wt%)
PVAc
(wt%)
SR PLA - -
SR PLA-PVAc - 100
SR PLA- CNWs 75 25
Preliminary testing indicated that the blend containing 75 wt% CNWs and 25 wt% 
PVAc was the most effective to increase the surface roughness (Figure 6.5, Section 
6.4.2, Chapter 6) as well as enhancing the tensile properties (see Figure 6.9, 
Section 6.4.5, Chapter 6) of the individual PLA fibre. After drying at room 
temperature the fibre mats (with an average thickness of 0.4 mm) were removed 
from the drum and cut into 80 mm x 80 mm fibre mats. A final coating using the 
same blend was applied onto both sides of the fibre mat utilising a dip coating 
method. To ensure consistent deposition of the coating materials onto the 
individual fibre mats, after each dip coating process the coating suspension was 
replaced with a fresh suspension. The coating materials incorporated onto the 
fibre mats were calculated to be around 8 wt% after drying at 37oC for 2 days on a 
polytetrafluoroethylene (PTFE) sheet. 
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7.3.4 Self-reinforced composite processing
To prepare SR composites, 22 layers of coated fibre mats were stacked together 
and preheated at 95±3oC for 15 min within a metal mould (dimension 80 mm x 80 
mm x 1 mm) before pressing at the same temperature at 90 bar pressure for 10 
min and cooling down to room temperature while retaining the applied pressure. 
7.3.5 Electron microscopic analysis
The morphology of CNWs and the surface topography of coated and uncoated PLA 
fibre mats were characterised using TEM and SEM according to the procedure 
mentioned previously in Section 3.3.4.1. 
7.3.6 Optical microscopic analysis
As described in Section 5.3.3. 
In order to investigate the fibre structures within the SR PLA composites produced 
in this study, polished cross-sections of the composites were also analysed. 
7.3.7 FTIR-ATR analysis 
As described in Section 3.3.4.3.
7.3.8 Differential scanning calorimetric (DSC) analysis
As described in Section 3.3.4.7.
7.3.9 Flexural properties
The flexural strength and modulus properties were obtained via three point 
bending tests using a Hounsfield Series S testing machine according to the 
standard BS EN ISO 14125:1998 [316]. A cross head speed of 1 mm min-1 and a 
5kN load cell was used and the average values were presented from at least five 
repeat specimens.
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7.3.10 Statistical analysis  
As described in Section 3.3.4.10.
7.4 RESULTS AND DISCUSSION
In this chapter, CNWs were incorporated as nanofiller through the use of PVAc as 
a binder to fix the CNWs to the PLA fibre surface. These modified fibres were then 
used to prepare unidirectional fibre mats in order to investigate the effect of 
CNWs on the mechanical properties of the SR PLA composites. 
7.4.1 Morphological properties of PLA fibre mats and CNWs
SEM image presented in Figure 7.1a revealed a smooth surface morphology of the 
melt-spun PLA ﬁbres with an average diameter of 11 (±0.9) µm. TEM image of the 
CNWs produced (seen in Figure 7.1b) exhibited rod-like shapes in line with the 
literature [48], which were produced from cotton via a sulphuric acid hydrolysis 
process and were used to coat the PLA fibre surface using PVAc as a binder to 
produce unidirectional fibre mats (see Figure 7.2).
Figure 7.1: a) SEM image of PLA fibres obtained at 400 m min-1 rotation speed, 
and b) TEM image of cellulose nanowhiskers (CNWs).
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Figure 7.2a shows a representative image of the coated PLA fibre mats which were 
collected from the winder drum. Initially, the PLA fibres were coated with 
approximately 1.7 wt% coating materials on one side to retain their unidirectional 
orientation whilst the fibres were removed from the drum. Once removed, the 
fibre sheets were then coated on both sides of the fibre mats utilising a dip 
coating method and around 8 wt% of the coating materials were incorporated 
onto the PLA fibre mats (shown in Figure 7.2b). 
Figure 7.2: Representative images of PLA fibre mats a) fibre sheet collected from 
the winder drum after coating (~1.7 wt% coating materials), and b) 80x80 mm 
fibre mat with both sides coated (~8 wt% coating materials).
The surface morphology of both sides of the PLA fibre mats and single PLA fibres 
coated with PVAc and CNWs-PVAc are shown in Figures 7.3, where a clear 
deposition of coating materials can be seen on both sides of the fibre mats as well 
as on the single fibres when compared to the uncoated PLA fibres. The SEM 
images obtained for the fibre mats produced with only PVAc binder suggested 
homogeneous attachment of PVAc on the PLA fibre surface giving the appearance 
of a matt finish (see Figure 7.3a-c). The CNW-PVAc coated PLA fibre mats showed 
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that the CNWs were evenly distributed creating a textured surface on the PLA 
fibres (as seen in Figure 7.3d-f).  Some flakes were also observed on the fibre mats 
which are believed to be due to the deposition of aggregated CNWs during the 
coating process. In this study, the attachment of CNW-PVAc to the PLA fibre 
surface was attributed to CNW-PVAc and CNW-CNW percolating interactions, 
where PVAc acted as a binding agent helping to attach the CNWs onto the surface
of the fibres as well as to bind the unidirectional fibre mats during the drying 
process. 
Figure 7.3: SEM images represent a) PVAc coated fibre mat (top surface during 
drying on a PTFE sheet), b) PVAc coated fibre mat (bottom surface during drying), 
c) PVAc coated single PLA fibre, d) CNWs-PVAc coated fibre mat (top surface), e)
CNWs-PVAc coated fibre mat (bottom surface), and f) CNWs-PVAc coated single 
PLA fibre.
7.4.2 FTIR analysis 
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The attachment of coating materials (CNWs and PVAc) on the surface of PLA fibre 
were confirmed via their functional groups identified using FTIR-ATR 
spectroscopy, as can be seen in Figure 7.4. In case of the uncoated PLA fibre, the 
bands at 1753, 1456 and 1375 cm-1 were attributed to C=O stretching, CH3
asymmetric stretching and CH3 symmetric deformation, respectively, while the 
bands at 1186, 1085 and 873 cm-1 indicated the –C-O-C asymmetric, symmetric 
and C-COO stretching, respectively for PLA [83]. The addition of PVAc binder on 
the PLA fibre surface exhibited the vibration bands at 1682 and 1234 cm-1
representing the C-H and C-O stretching groups. [83]). 
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Figure 7.4: FTIR-ATR spectra for uncoated and PVAc and CNWs-PVAc coated PLA 
fibre mats.
A shift of C=O band to 1749 cm-1 also observed for PVAc coated PLA fibres 
compared to uncoated PLA fibres was due to the presence of the acetate group as 
the literature reported that the vibrational frequency for C=O of the acetate group 
for pure PVAc was observed at 1740 cm-1 [306]. Likewise, the attachment of 
CNWs-PVAc blend on the fibre surface revealed absorbance bands at 3373 and 
3334 cm-1 which indicated the O-H stretching vibration of cellulose structure [166, 
252] and which were absent for the uncoated PLA fibre and PVAc coated fibre 
mats.
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7.4.3 Thermal properties
Figure 7.5 represents the DSC thermograms for the uncoated PLA fibres and PVAc 
and CNWs-PVAc coated PLA fibre mats. The glass transition temperature (Tg) for 
the PVAc coated PLA fibre mat did not reveal a significant change (P>0.05) when 
compared to the PLA fibre (Tg~63.5oC), while attachment of CNW-PVAc blend 
exhibited a slight increase (P<0.05) in Tg value (~65oC). This was suggested to be 
due to restriction of polymer chain mobility along the interface caused by the 
hydrogen bonding created between PLA fibre surface and the PVAC-CNW coating 
during the drying process [307]. 
Figure 7.5: DSC thermogram of uncoated and PVAc and CNWs-PVAc coated PLA 
fibre mats.
The cold crystallisation temperature (Tcc) of PVAc coated PLA fibres were noted to 
be 75oC, which was approximately 5oC lower than that for the pure PLA fibre. 
However, Tcc for CNWs-PVAc coated PLA fibres was 79oC, which was close to that 
of PLA fibres, further indicating interactions of CNWs with the PLA as the CNWs 
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appear to offset the effect of PVAc on Tcc. No significant changes in melting (Tm) 
temperatures (P>0.05) were observed for both types of coated fibre mats 
(Tm=166oC) compared to the uncoated PLA fibre (Tm=167oC).
7.4.4 Structural analysis of self-reinforced PLA composites
The retention of the fibre structure within the SRCs can have a significant 
influence on its mechanical properties. Therefore, the polished cross-sections of 
the SRCs produced were investigated via a calibrated optical microscope. 
Figure 7.6: Optical microscopy images of polished cross-section of SR PLA 
composites: a) control (uncoated), b) PVAc coated, and c) CNWs-PVAc coated SR 
PLA composites.
From Figure 7.6a-c, it was seen that the cross-section of the SRCs revealed that 
the morphology of the PLA fibres had been maintained after consolidation into 
composites. However, the fibre morphology observed was not perfectly cylindrical 
for all the fibres. The temperature and pressure used in this study played an 
important role in preserving the fibre structure, as Wright-Charlesworth et al. 
[281] showed that for SR PLLA composites, the process parameters (95oC and 90 
bar pressure)  provided the best combination of flexural strength, modulus and 
ductility. 
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Furthermore, the fracture surfaces of the SRCs (Figure 7.7a-c) also showed the 
retention of the PLA fibrous structure as well as pull out of some fibres along the 
fractured cross-section within the SRCs.
Figure 7.7: Scanning electron microscopy (SEM) images of fracture cross-section of 
SR PLA composites: a) control (uncoated), b) PVAc coated, and c) CNWs-PVAc 
coated SR PLA composites.
7.4.5 Flexural properties
The flexural properties of the SRCs are presented in Figure 7.8, where the flexural 
strength and modulus of the SR PLA-PVAc and SR PLA-CNWs composites were 
seen to increase compared to the SR PLA composite. The control SR PLA 
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composite had a flexural strength and modulus of 82 MPa and 3.9 GPa 
respectively, which was lower than that found by Wright-Charlesworth et al. [281]
for SR-PLLA composites (139 MPa flexural strength and 5.4 GPa modulus). 
However, in this study PLA (Natureworks–3251D) resin was investigated which 
contained a lower amount of L-lactide compared to the PLLA resin.
Figure 7.8: Flexural strength and modulus properties of self-reinforced PLA, PLA-
PVAc and PLA-CNW composites produced in this study.
In addition, the fibre processing conditions and further improvement of their 
initial strength could improve the flexural properties of SRCs. For SR PLA-CNW 
composites the flexural strength and modulus increased to 122 MPa (~48% 
increase) and 5.5 GPa (~39% increase), which was comparable with other studies 
on SR PLLA composites [281]. This was attributed to the mechanical interlocking of 
nanofiller (CNWs) within the SR PLA-CNW composite which improved the 
interfacial properties between the fibre and matrix. Foster et al. [313] investigated 
Chapter 7 –Role of CNWs in SR PLA composites
168
nano and micron-size particles (nanoclay, talc, carbon black) to enhance the 
interlayer adhesion in SRCs, which was believed to increase the mechanical 
properties of the composites. Though the SR PLA-PVAc composite exhibited an 
increase in flexural properties (flexural strength~102 MPa and modulus~4.6 GPa) 
compared to the control SR PLA composite, these values were significantly lower 
(P<0.05) compared to SR PLA-CNW, which demonstrated the influence of CNW in 
the coating blends to enhance the mechanical properties of SR PLA composites.
The flexural stress-strain curve presented in Figure 7.9 shows the brittle and/or 
ductile behaviour of the SRCs produced in this study, where SR PLA revealed a 
sudden break during testing which highlighted their brittleness. However, the SR 
PLA-CNW composite revealed less brittle properties and the SR PLA-PVAc 
composites exhibited quite ductile properties during the flexural test.
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Figure 7.9: Typical flexural stress-strain curves for self-reinforced PLA, PLA-PVAc 
and PLA-CNW composites produced.
The SR PLA composite exhibited brittle failure mode during flexural testing, whilst 
the highest ductile properties were observed for the SR PLA-PVAc composite, 
which was suggested to be due to the presence of plasticized PVAc matrix within 
the SRCs. The SR PLA-CNW composite exhibited less ductile behaviour compared 
to SR PLA-PVAc composites which was also expected due to the presence of stiff 
CNWs. 
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Figure 7.10: Image representing the fracture mode of SR composites: a) SR PLA, b) SR 
PLA-PVAc, and c) SR PLA-CNW composites.
The control SR PLA showed complete breakdown of the fibres within the 
composites during the flexural test (see Figure 7.10a). The brittleness of the SR 
PLA was suggested to be associated with the failure of the fibre, deboning along 
the matrix and pull out of fibres from the matrix (please see Figure 7.7a and Figure 
7.11a) due to the misalignment of fibres as well as poor interfacial adhesion 
between the fibre and matrix. While the fracture surfaces of the SR PLA-PVAc and 
SR PLA-CNW composites revealed that a significant portion of the aligned fibres 
had been preserved even after fully bending the composites as presented in 
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Figure 7.10b-c and 7.11b-c. It is to be noted from the fracture images of SR PLA-
PVAc and SR PLA-CNW (Figures 7.10b-c) that the initial crack within the SRCs 
started to appear at the bottom portion of the composites, which was suggested 
to be due to the failure of fibers along their longitudinal axis under the flexural 
stress condition [105]. In addition, retention of a significant portion of aligned 
fibres during the flexural test could also have been due to the improved interlayer 
adhesion of PLA fibres and PVAc matrix formed during the SR composite 
production. 
Figure 7.11: SEM images of the fracture surface of SRCs obtained after flexural test: a)
control SR PLA (complete fracture of fibres), b) SR PLA-PVAc (partial 
fracture of fibres), and c) SR PLA-CNW composites (partial fracture of 
fibres).
Chapter 7 –Role of CNWs in SR PLA composites
172
This study showed that utilising CNWs and PVAc in SR PLA composites improved 
their flexural properties and imparted ductility. The enhanced mechanical 
properties enable the potential use of these SR PLA composite materials within 
packaging and biomedical fields.
7.5 CONCLUSIONS
The influence of CNWs and PVAc on the improvement of the flexural properties of 
self-reinforced PLA composites was investigated in this study. CNWs and PVAc 
coated highly oriented PLA fibre mats were used to produce SR composite via a 
hot compaction process maintaining the integrity of fibre within the composites. 
Incorporation of CNWs and PVAc within the SR composites a significant 
improvement in flexural properties was achieved. For example, CNWs (8 wt%) 
within the SR PLA composites exhibited 48% and 39% increase in flexural strength 
and modulus properties, respectively compared to the control SR PLA composite 
(flexural strength~82 MPa and modulus~3.9 GPa), whereas, the PVAc binder alone 
used within the SR composites revealed around 27% and 18% increase, 
respectively. The control SR PLA showed complete breakdown of fibres 
consolidated within the composites, whilst, the presence of CNWs and PVAc had a 
significant influence on ductile behaviour of the SR composites by retaining a 
portion of aligned fibres even after fully bending the composites, which reduced 
the chances of sudden failure during flexural test.
173
CHAPTER 8.                                                                                               
CONCLUSIONS AND FUTURE WORK
8.1 CONCLUSIONS
The aim of this project was to manufacture composite materials utilising cotton 
extracted cellulose nanowhiskers (CNWs) and characterise their mechanical, 
thermal and degradation properties. 
The following conclusion can be made from the work carried out in this thesis:
 Cotton extracted cellulose nanowhiskers (CNWs) can be produced via 
sulphuric acid hydrolysis process and can be blended with polylactic acid (PLA) 
to produce thin and flexible bio-based nanocomposite films. By adding 1-5 
wt% CNWs into the PLA matrix significant improvement of the mechanical and 
thermomechanical properties can be achieved. However, the tensile modulus 
was seen to be well below the expected modulus (predicted using Rule of 
Mixture), which was suggested to be due to the presence of voids and the 
aggregated morphology of the CNWs within the nanocomposites. CNWs 
induced crystallisation within the nanocomposites can also be achieved, which 
was also believed to have influenced improvement seen in the mechanical 
properties. Incorporation of hydrophilic CNW within the hydrophobic PLA 
matrix and the voids created within the nanocomposites can be suggested for 
accelerating the degradation properties at varying temperatures (25oC, 37oC 
and 50oC).
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 Flexible thin films (~60 micron) with high CNW content can be produced by 
blending CNWs and hydrophilic hydroxyethyl cellulose (HEC) matrix. The 
aggregation nature of freeze dried CNWs within the matrix was a major 
contributor to the surface roughness and light transparency properties of the 
composite films. The incorporation of CNWs in the HEC matrix provided a 
significant improvement in their thermal properties by increasing the 
decomposition temperatures from 261oC to 361oC. The enhanced storage
modulus properties and the shift of the tan delta peaks of the nanocomposites 
compared to the HEC alone demonstrated the reinforcing effect of CNWs. An 
increase in crystallinity of blends with CNW content indicated that the induced 
crystallisation within HEC was caused by the presence of highly crystalline 
CNWs (crystallinity~89.1%). In addition, the presence of CNWs had a positive 
influence on controlling the swelling properties of CNW-HEC blends in 
phosphate buffer saline (PBS) media at body temperature (37oC). 
 PLA fibres (with diameters ranging from 11 µm to 38 µm) can be produced via 
the melt drawing process with varying take-up velocities. The higher drawing 
speed revealed a significant improvement on the chain orientation (via 
dichroic ratio measurement) in the thinner PLA fibres which revealed a higher 
degree of crystallinity (up to 34%) resulting in higher tensile properties. The 
tensile strength and modulus of the thinner PLA fibre (11±0.9 µm) revealed 
values of 213 MPa and 4.8 GPa, respectively and exhibited a significant 
decrease in tensile strength when tested at 37oC compared to the room 
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temperature values due to a reduction in crystallinity whilst approaching the 
flow deformation temperature of PLA. The moisture uptake of all the PLA 
fibres revealed a steady increase with increasing relative humidity (RH). The 
accumulated moisture within the thinner fibres had a significant influence to 
decrease the tensile properties when exposed to 98% RH after four weeks of 
conditioning. Though the thinnest PLA fibres revealed a significant decrease in 
tensile properties when they were exposed to either body temperature or at 
high humidity atmosphere, the mechanical properties obtained were higher 
than the unconditioned larger diameter PLA fibres. 
 CNWs can be successfully attached to the surface of melt drawn PLA fibres 
using polyvinyl acetate (PVAc) as a binding agent. The attachment of CNWs-
PVAc blend with 75 to 95 wt% CNWs content on the fibre surfaces revealed 
significant changes in their surface roughness and glass transition 
temperatures. Moreover, upto 45% increase in tensile modulus properties can 
be obtained for the PLA fibres coated with CNWs-PVAc blend containing 85 
wt% CNW (tensile modulus of PLA fibre~4.8 GPa), which suggested the 
positive influence of CNW-CNW and CNW-PVAc interactions on the surface of 
PLA fibres. The moisture absorption properties could be improved up to 6.0 
wt% at 98% RH by incorporating CNWs-PVAc blend on the surface of 
hydrophobic PLA fibres.
 Finally, highly oriented PLA fibre mats can be produced using CNW-PVAc 
blends and can be used for the production of self-reinforced (SR) composite. 
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Incorporation of stiff CNWs and plasticized PVAc within the SR PLA composites 
can reveal a significant improvement in their flexural and ductile properties
compared to the control SR PLA composite.
8.2 RECOMMENDATION FOR FUTURE WORK
Based on the overall summary of this project, the following points are suggested 
to extend the usability of CNWs based composite materials in various applications:
1. Use of coupling agent or surface modified CNWs to increase their dispersion in 
order to improve the interfacial properties with PLA matrix.  However, 
coupling agent and/or surface active agent should not be cytotoxic if 
biomedical and food packaging applications are targeted. 
2. Better dispersion of CNWs within the matrix can also be achieved using non-
dried CNWs. Thus, aggregated morphology of CNWs through the formation of 
hydrogen bonds during the drying process could be minimised. Homogeneous
dispersion of CNWs within the matrix believed to achieve maximum 
percolation of the network of cellulose crystals to acquire the optimum 
mechanical properties.
3. Use of CNWs to impart roughness on the surface of phosphate based glass 
(PBG) fibres with intentions to improve their interfacial properties of PBG 
reinforced PLA composites (please see Figure 8.1). 
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Figure 8.1: a) SEM image showing the smooth surface morphology of PBG 
fibres (P40; Composition: 40P2O5-24MgO-16CaO-16Na2O-4Fe2O3), and b)
CNWs coated PBG fibre representing surface roughness.
4. Manufacture of commingled composites using PLA fibre and PBG fibre and 
investigate their mechanical properties.
5. Use of CNW coated oriented PLA fibre mats to manufacture scaffolds and cell 
guide tubes for tissue engineering applications. The roughness and 
hydrophillicity imparted by CNWs on the surface of PLA fibres suggests the 
improvement in cell attachment and spreading properties.
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Figure 8.2: Highly oriented PLA fibre tubes (left image) for soft tissue repair 
applications. The right image is representing the tube deformation after 
compression test.
6. Investigate the retention of and cyclic mechanical properties after in vitro
degradation of SR PLA composites.
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